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As an important mode of transport, taxis have played an important role in many large 
cities worldwide. However, with the increase of both taxi supply and demand, the 
imbalance between the two (either in spatial or temporal dimensions) has become an 
urgent issue: on one hand, customers have to bear longer waiting time at taxi stands and 
on another hand, taxi drivers have to spend longer empty cruising time in the road 
network. To respond to this issue, many large cities have adopted taxi dispatching 
systems which provide an alternative way for both customers and taxi drivers to find 
each other easily. However, there exist a number of practical issues in the operation of 
the taxi dispatching systems: firstly, customers’ will of booking taxis is not strong; 
secondly, the system can do nothing to those customers who take taxis without booking; 
thirdly, in a competitive taxi market where more than one taxi operator exists, 
operational efficiency of the entire market as well as individual operators would be 
largely affected by the market structure and the organization of taxi dispatching 
strategies which give rise to the complexity of the problem. Thus, this thesis aims to 
provide solutions or indications to deal with the aforementioned three practical issues.  
A micro-simulation based Taxi Service Model (TSM) has been developed and 
introduced in this thesis as test bed to evaluate the operational performance of different 
dispatching/control strategies. It is enabled by customized simulation environment in 
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which the dynamic behaviors of taxis and customers, the dispatching/control strategies 
and group characteristics of individual taxi operators could be modeled. This model has 
been firstly employed to study the booking taxi services in this thesis: on one hand, for 
the current booking service, an improved agent-based taxi dispatching approach 
considering the impact of booking cancellations has been proposed and tested, the 
results of experiments show that the proposed approach may have the potential to 
attract more customers to book taxis by reducing the chance of booking cancellations 
effectively; on the other hand, for the advance booking service, an improved taxi 
dispatching approach handling both current bookings and advance bookings has been 
proposed and tested, the results of the experiments show that the proposed approach can 
benefit both taxi drivers and customers at certain demand scale levels and certain 
advance booking ratios, as well as for certain taxi fleet scales. 
For the non-booking taxi service in which customers take taxis by waiting at taxi 
stands or hailing on the street, this thesis has proposed a novel control strategy, namely 
the Limited Information Sharing Strategy (LISS) to improve the operational efficiency 
of the entire taxi fleet, which has also been tested by the aforementioned simulation 
model. This strategy has adopted game theory to formulate the problem in which the 
utilities of both customers and taxis are specifically defined by considering a number of 
theoretical and practical problems/constraints. The negotiation mechanism in LISS has 
been specifically selected to ensure that the negotiation process can lead to a Nash 
Equilibrium (NE). The experiment results show that the LISS can effectively reduce 
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customers’ waiting time especially in the CBD area during peak-hours, while keeping 
the risk of the taxi side within a certain level.   
In all, this thesis has provided a comprehensive study on the dispatching/control 
strategies for both individual taxi operators and the entire taxi market, which is 
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1.1 Research Background 
Taxis, which are a mode of transport between public transport and private transport, 
have played an important role in many large cities worldwide including Singapore. The 
total population of taxis operating in Singapore is more than 28,000 and accounts for 
2.9% of the total number of motor vehicles in Singapore (SingStat., 2012).  
With the increase of both taxi supply and demand, some issues have emerged 
recently. One is the imbalance between taxi supply and demand (either in spatial or 
temporal dimensions), which is the main issue in the taxi market (Santani et al., 2008). 
This issue may lead to two negative consequences: one is the longer waiting time for 
customers and the other is the longer empty cruising time taxis spent. These caused not 
only a waste of social resources including the customers’ waiting time and taxi drivers’ 
empty cruising time, but also environmental problems that taxis may produce more 
emissions when they queue and idle at taxi stands or on the streets waiting for 
customers. Figure 1.1 shows the spatio-temporal imbalance of taxi supply and demand 
(in terms of customer waiting time) in the city area of Singapore from 5 PM to 11 PM 
(LTA, 2010).  





Figure 1.1: Customer waiting time at taxi stands (LTA, 2010) 
 
To alleviate the aforementioned issue, automatic taxi dispatching approaches have 
been widely used in many large cities worldwide, in which customers can book taxis 
directly through phones or mobile devices while the taxi operator adopts the taxi 
dispatching system to deal with the bookings (Liao, 2003). Compared with the 
traditional ways of taking taxis - hailing on the street or waiting at the taxi stand, 
booking taxis through the dispatching system has more advantages: it provides an 
alternative for customers and taxi drivers to find each other easily (Seow and Lee, 
2010). In Singapore, the bookings through the dispatching systems of the large-scale 
taxi operator ComfortDelGro have hit a new record of 24 million in the year of 2010 
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1.2 The Current Taxi Dispatching System 
 
1.2.1 The operator-level taxi dispatching system 
One typical taxi dispatching system currently operated by a taxi operator in Singapore 
is shown in Figure 1.2, which involves three parties: customers, taxis and the 
dispatching center (Seow and Lee, 2010). 
 On the customer side, a customer can book the taxi service through the dispatching 
center either by phone, mobile or other devices (e.g., fax or computers with internet 
connections). The booking should contain basic information such as the contact number, 
the pickup location, the desired pickup time (optional), the destination (optional), etc. 
The dispatching center will later inform the customer if a taxi has been dispatched.  
 
Figure 1.2: Operations of the current operator-level dispatching system 
 
 
On the taxi side, each taxi is equipped with an In-vehicle Unit (IU) which includes 
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(at least) a Global Positioning System (GPS) device, a wireless communication device 
and a touchscreen. During the taxi operation, the IU can report the real-time GPS 
location and the operational status (e.g., free, occupied, on-call, etc.) of the taxi to the 
dispatching center via the wireless communication network on a regular basis; 
moreover, it can also receive the customer booking information from the dispatching 
center and show it on the touchscreen, then the taxi driver can choose to accept the 
booking by selecting the option shown on the touchscreen of the IU to complete the 
dispatching task.   
 At the dispatching center (usually equipped with powerful computer servers), all 
incoming customer bookings are stored in a customer booking queue, and all taxis 
update their locations and operational status into a taxi pool. Thus, for each customer 
booking, the dispatching center will try to find an available taxi in the vicinity (e.g., 
within 10 km) of the customer’s pickup location and then instruct it to service the 
booking. If the taxi driver accepts the instruction to serve the booking, the dispatching 
center will inform the customer by sending the taxi number and estimated arrival time 
of the taxi; otherwise, if there is no response within a short period of time (e.g., 10 
seconds), the dispatching center will continue to find another available taxi as a 
candidate to dispatch. In the current dispatching system, the dispatching center will try 
to find a taxi with the shortest distance to the customer’ pickup location as the 
candidate to dispatch (Liao, 2003).  
There are two commonly used performance indicators for the evaluation of the taxi 
Chapter 1.  Introduction 
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service: one is the Occupancy Rate (OR) - the ratio between the total occupied time and 
the total operating time of all taxis to reflect the operational efficiency of the entire taxi 
fleet; the other is the Customer Waiting Time (CWT) - the average waiting time of all 
customers to reflect the satisfaction of the customer to the service provided by the taxi 
fleet.      
 
1.2.2 The market-level taxi dispatching system 
One example of a market-level dispatching system is the “One Common Taxi Number” 
dispatching system currently operating in Singapore (LTA, 2008). As shown in Figure 
1.3, in this system, customers can book taxis through the market-level dispatching 
center via a single phone number, and the system will then assign the bookings to the 
dispatching centers of individual operators based on a pre-specified assignment 
algorithm, e.g., assign the bookings based on the market share of each taxi operator.    
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1.3 Issues in the Current Taxi Dispatching System 
There exist a number of practical issues in the current operations and studies of the taxi 
dispatching system, which can be classified into three categories: 1) Issues for the 
Booking Taxi Service (BTS); 2) Issues for the Non-Booking Taxi Service (NBTS); and 
3) Issues for the evaluation of dispatching strategies. 
 
1.3.1 Issues for the Booking Taxi Service (BTS) 
The BTS can be defined as the taxi service which is offered by booking through the 
dispatching system (by phones, mobile devices or others). Two types of BTS are 
commonly known: 
 The Current Booking (CBK): the customer makes a booking for a taxi that can 
reach him/her as early as possible;  
 The Advance Booking (ABK): the customer makes a booking and indicates the 
pickup time of the taxi normally in half an hour or later.  
One issue for the BTS is that customers may not have strong wills to take taxis by 
booking. For example in Singapore, the largest taxi operator ComfortDelGro has 
received an average of around 65,000 booking calls daily in the year of 2010; however, 
it only accounted for about 17% of the total daily trips made by its taxi fleet 
(ComfortDelGro, 2011). In Beijing, the taxi booking rate is even lower as compared 
with the case in Singapore (BeijingTaxiDispachingCenter, 2010).  
Another issue is that there is still room for improving the performance of current 
Chapter 1.  Introduction 
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taxi dispatching approaches. On one hand, for the CBK, the current dispatching system 
is primarily based on the principle of satisfying the individual customer, i.e., 
dispatching a taxi to reach a customer via the shortest path (or travel time), which fails 
to consider other yet-to-be-serviced customers and available taxis as well as the 
potential improvement of the dispatching performance; on the other hand, for the ABK, 
even though the dispatching services for both CBK and ABK are offered concurrently 
(Lee et al., 2004), they are actually two overlapping operation processes, in other words, 
the dispatching center has overlooked the potential integration of the two dispatching 
series which may improve the overall service performance of the entire market. 
1.3.2 Issues for the Non-Booking Taxi Service (NBTS) 
The NBTS can be defined as taxi service to customers who hail on the street or wait at 
the taxi stand. It is obvious that the current dispatching approaches only deal with the 
BTS but not the NBTS. This may due to the following reasons: firstly, it is a challenge 
for the dispatching center to handle a huge among of NBTS, for example, around 83% 
(ComfortDelGro, 2011) of the total daily trips made by the largest taxi operator 
ComfortDelGro in Singapore are NBTS; secondly, customers do not inform the 
dispatching center (e.g., make a booking call) for the NBTS so that the information of 
the customer is unavailable to the dispatching center; thirdly, in NBTS, the taxi takes a 
higher risk (unknown where those customers are) while the customer takes lower one 
(no commitment to wait for any taxi), which is because the taxi-customer searching (or 
matching) process in NBTS is not bound by any agreement so that a customer can take 
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any available taxi coming to his/her location, but a taxi receives no guarantee to find a 
customer when heading to any destination. 
1.3.3 Issues for the evaluation of dispatching strategies 
It is an important task to evaluate the performance of a newly proposed 
dispatching/control strategy before it is implemented. In this thesis, the difference 
between the two terms “dispatching strategy” and “control strategy” is that the former 
one is used for the centralized or non-centralized system architecture and the latter one 
is used for the decentralized system architecture (as introduced in Section 3.3.3.1). The 
formulation of a typical dispatching/control strategy includes:  
 Dispatching system architecture (as shown in Section 4.2.1, Section 5.2.1 and 
Section 6.2.1);   
 Dispatching operations (as shown in Section 4.2.2, Sections 5.3.2/5.4.3 and 
Section 6.3.1); and/or  
 Core dispatching algorithms/processes (as shown in Section 4.3, Sections 
5.3.1/5.4.1/5.4.2 and Sections 6.3.2 to 6.3.4).  
One common approach to evaluate the dispatching/control strategy was to model 
the taxi service first and then test the strategy; however, existing Taxi Service Models 
(TSMs, a type of analysis/study tools to model taxi service operations either in 
mathematical form or simulation form) are inadequate to perform the evaluation 
properly, of which the representatives were mainly in the form of mathematical models 
(Arnott, 1996; Cairns and Liston-Heyes, 1996; Douglas, 1972; Foerster and Gilbert, 
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1979; Tsubouchi et al., 2009; Yang and Wong, 1998; Yang et al., 2002; Yang and Yang, 
2011) and simulation models (Cheng and Nguyen, 2011; Lee et al., 2003; Seow et al., 
2010): on one hand, the existing mathematical models were formulated in highly 
aggregated forms which are difficult to capture the microscopic level details such as the 
dynamic customer behaviors (e.g. waiting/queuing, booking, cancellation, etc.) and the 
processes of dispatching/control strategies (e.g. automatic dispatching, information 
sharing, etc.); on the other hand, even though existing simulation models modeled BTS 
and the corresponding dispatching strategies, they have yet modeled the dynamic 
customer behaviors and the NBTS. Moreover, neither the mathematical models nor the 
simulation models have studied the problem of competitive taxi market in which the 
group characteristics of individual taxi operators (or taxi companies) should be 
considered (The group characteristics of a taxi operator  refer to: a. the average 
/overall operational performance, e.g., Occupancy Rate or Customer Waiting Time of 
the entire taxi fleet of the taxi operator; b. Customer’s preferences in booking taxis 
from different operators as introduced in Section 3.4.2.3. Both of these two 
characteristics are evaluated/modeled in the proposed simulation based TSM as 
introduced in Chapter 3).  
 
1.4 Research Objectives and Scope of the Thesis 
The thesis presents a comprehensive study to provide solutions to handle the 
aforementioned three issues. More specifically, the objectives are: 
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 Develop an enhanced microscopic simulation model for the taxi service (or the 
micro-simulation based TSM), which aims to evaluate dispatching strategies 
more properly. The taxi operations, the dynamic customer behaviors and the 
dispatching strategies in a competitive taxi market will be considered in the 
model (see the works in Chapter 3);   
 Examine the weaknesses of the existing dispatching strategies in BTS and 
develop more efficient strategies and corresponding algorithms (see the works 
in Chapter 4 and Chapter 5); 
 Propose and develop new control strategies and corresponding algorithms for 
the NBTS (see the works in Chapter 6); 
There are also three research limitations in the thesis. Firstly, for simplification but 
without loss of generality, the proposed micro-simulation based TSM will only consider 
the case of picking up and dropping off customers at taxi stands but not the case on the 
street. This is because in term of dispatching performance, for a taxi-customer pair to 
be matched, meeting at the taxi stand and meeting on the street are essentially the same 
(detailed reasoning can be found in Section 3.3.1 of Chapter 3).  
Secondly, in the modeling of taxi behaviors, the proposed micro-simulation based 
TSM assumes that taxis are running freely (or randomly) on the road network; this is 
different from the assumptions of mathematical TSMs (Yang and Wong, 1998; Yang et 
al., 2002; Yang and Yang, 2011) that taxis would make strategic choices (based on their 
profit/cost ratio). This is because the micro-simulation based TSM proposed in this 
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thesis focuses on the evaluation of real-time dispatching strategies which are basically 
short-term applications; however, the mathematical TSMs focus on the evaluation of 
market regulation effects (e.g., fare and entrance regulations) which are basically 
long-term forecasting practices. Thus, it is believed that the assumption of the taxi’s 
random searching behavior doesn’t limit the usefulness of the proposed 
micro-simulation based TSM.  
Thirdly, the simulation experiments conducted in this thesis use assumed customer 
demand data rather than real data due to the limitation of data availability. However, it 
is believed that it will not affect the analysis of the simulation results since a bench 
mark dispatching strategy will be used for the comparison purpose, and the relative 
operational performances of the newly proposed/developed dispatching strategies are to 
be evaluated.         
To cope with these research limitations, several approaches will be suggested and 
highlighted in the research for future works in Chapter 7.  
 
1.5 Organization of the Thesis  
Chapter 1 introduces the background and research objectives of the thesis.  
 
Chapter 2 reviews the literature from previous research studies. They are classified 
into two categories: the literature on TSMs and the literature on taxi dispatching 
systems. 
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Chapter 3 proposes a new TSM, namely the micro-simulation based TSM which is 
able to improve the existing TSMs in terms of the aforementioned limitations 
(mentioned in Section 1.3.3) so as to evaluate the dispatching strategies more 
properly. To achieve this, the microscopic traffic simulation is adopted as the 
modeling and analysis approach for the proposed TSM. 
 
Chapter 4 studies one of the reasons that may contribute to the low utilization of the 
taxi dispatching systems for the BTS - the booking cancellation problem. To mediate 
the problem, an improved dispatching strategy namely the Multi-Agent based 
Dispatching Strategy considering Booking Cancellations (MA-DS-BC) is proposed 
and tested by the TSM proposed in Chapter 3.    
 
Chapter 5 studies another problem in the dispatching systems for the BTS - the 
dispatching service for ABKs. To handle the aforementioned limitations (mentioned 
in Section 1.3.1), an improved dispatching strategy namely the Advance Booking 
Chain Dispatching Strategy (ABC-DS) is proposed, which has extended the works 
of Lee et al. (2004) by considering the effects of CBK and NBTS. The proposed 
dispatching strategy is tested by the TSM proposed in Chapter 3. 
 
Chapter 6 studies the problem in the NBTS. A novel control strategy namely the 
Limited Information Sharing Strategy (LISS) for the NBTS is proposed, in which 
both taxis and customers are required to be equipped with mobile devices that can 
communicate with each other within limited search ranges. Game theory is 
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employed to formulate and solve the proposed control strategy.  
 
Chapter 7 summarizes the research findings and highlights the contributions of this 
thesis. Future research directions are also presented in this chapter. 
 








2.1 Literature on Taxi Service Models (TSMs)    
Many research studies have proposed Taxi Service Models (TSMs) in the literature. 
Basically, those TSMs can be classified into two categories: the mathematical TSM and 
simulation-based TSM.  
  
2.1.1 The mathematical TSM: from the economics point of view 
In the mathematical TSM, the taxi service operation was viewed as a service market 
where the demand side and supply side were customers and taxis respectively. 
Therefore, the early mathematical TSMs in the literature were developed based on 
classical market models in economics theory (Mankiw, 2008), in which market 
structures, market regulations and market competition were the most important 
elements to be modeled.  
 In Douglas (1972), a mathematical TSM was developed. In this TSM, the product 
(or the service) was defined as the occupied trips of the taxi, of which the quantity was 
defined as the occupied taxi-hours within a study time period. The price of the product 
was the fare of the occupied trip which was assumed to be linearly related to the 
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occupied taxi-hours. It is demonstrated in Douglas (1972) that a stable equilibrium of a 
competitive taxi market occurred when the total revenue of the individual taxi driver 
was maximized while the total taxi-hours could not be further increased. The 
characteristics of the social welfare of the taxi market and the scale effects of the taxi 
demand were also discussed in Douglas (1972).   
 Foerster and Gilbert (1979) claimed that the taxi market had a more complicated 
nature than the classical goods market described in economics theory: a) the customer 
demand was a function of both price and the Level of Service (LOS); b) not all costs of 
the taxi service were incurred during the occupied taxi-hours and c) there was a series 
of states of the taxi which include vacant state, occupied state and on-call state. The 
author also examined eight scenarios by varying factors such as the fare regulation, the 
entry regulation as well as the industry concentration types; the advantages and 
disadvantages were presented for each of the possible scenarios.  
 Schroeter (1983) also examined the effects of fare and entry regulations on the taxi 
market in terms of two operation modes: radio dispatching and airport cabstands. In 
that research, the author assumed that the arrival rate of customers in the radio 
dispatching mode is a function of customers’ value of time plus the real price of the taxi 
rides. The author also assumed that the basis of the mode choice between radio 
dispatching and airport cabstand was that the individual taxi driver will choose the 
service mode with the highest revenue per unit time, and equilibrium occurs when the 
revenue per unit time of the two operations is equal. Similar conclusions with the 
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previous research have also been obtained regarding the variation of the total number of 
taxis as well as the taxi fare.  
 Arnott (1996) examined the taxi market in a first-best environment in which the 
“Marginal Revenue = Marginal Cost” constraint was released. In that research, the 
author concluded that the taxi operators were unwilling to accept the price and fleet size 
which would maximize the social surplus because they would earn zero revenue from 
the empty cruising taxi-hours. So the author suggested that taxi operators should be 
subsidized with an amount to cover the costs of the empty cruising taxi-hours. 
Cairns and Liston-heyes (1996) claimed that there was no equilibrium in a taxi 
market with the deregulation taxi fares and entry because conditions of competition did 
not exist in the industry. By providing a searching model, the author concluded that 
equilibrium existed only if the fare was regulated, and the second-best social optimum 
was achieved only when both the fare and entry were regulated.  
 
Figure 2.1: Research topics in the taxi service market (Yang et al. 2002) 
 
Taxi service market 
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Figure 2.1 shows the structure of research topics in the taxi service market.  
 
2.1.2 The mathematical TSM: from the transportation point of view 
Recently, more mathematical TSMs were developed by considering not only the market 
properties but also the transportation properties of the taxi service, in which the road 
network and the distribution of customer demand were modeled. Those mathematical 
models focused mainly on modeling the following aspects of the taxi service:  
 Factors affecting customer demand and customer searching behaviors; 
 Factors affecting taxi driver’s searching behaviors;  
 The network properties, e.g., the congestion effects;  
Yang and Wong (1998) initially proposed a mathematical TSM in a macroscopic 
way. In that model, the behaviors of vacant and the occupied taxi drivers were modeled 
with different assumptions: the vacant taxi driver was assumed to minimize his/her 
expected searching time, while the occupied taxi driver was assumed to minimize the 
customer searching time. With these two assumptions, given the road network structure, 
the taxi fleet size and the fixed Origin-Destination (OD) trip matrix of customers, the 
movements of both vacant and occupied taxis, the taxi availability and utilization can 
be determined by the model without the consideration of congestion effects. Wong and 
Yang (1998) proposed a better solution algorithm for this mathematical TSM, and 
Sirisoma et al. (2009) conducted a survey of 400 taxi drivers in HK to validate the 
taxi-customer searching model.  
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Yang et al. (2001) performed a case study on the model proposed by Yang and 
Wong (1998) using the road network and taxi data of the Hong Kong city, in which taxi 
counts at selected screen lines and cordon lines were chosen as the calibration / 
validation data. Based on the calibrated model for Hong Kong city, Yang et al. (2002) 
examined the effects to the taxi market by the external regulations, such as the entry 
restraint and the fare restraint, which was in line with the research by economists 
introduced in Section 2.1. Four regulation scenarios were considered in Hong Kong 
based case study: equilibrium with restriction of entry, equilibrium without restriction 
of entry, first-best social optimum and the second-best social optimum. Corresponding 
taxi fleet size-fare pairs are evaluated with respect to the four scenarios respectively.  
Wong et al. (2001) improved the model proposed by Yang and Wong (1998) by 
incorporating the demand elasticity and congestion effects. The demand elasticity 
assumed that the number of customer trips was a function of the taxi fare and taxi 
availability, and the congestion effect represented by a travel impedance function. 
Wong and Wong (2002) improved this model with a sensitivity-based solution 
algorithm.  
Wong et al. (2003) further improved the model proposed by Wong et al. (2001) by 
considering the expected profit the taxi driver can gain if he/she decided to searching 
for customers in a particular zone, e.g., the remote areas. In this model, the utility 
function of the taxi driver in the taxi-customer searching model consisted of two 
components: one was the perceived profitability and the other was the searching cost 
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(time). Wong et al. (2010) showed that the expected profit of a taxi driver was a 
significant factor in the customer searching behaviors of taxi drivers.  
Wong et al. (2005) proposed an absorbing Markov chain based mathematical 
model to study the bilateral micro-searching behavior for both taxis and customers. For 
the customer side, the customer demand OD matrix was fixed but customers could 
choose their meeting points with taxis, which was based on the customer’s walking 
time, waiting time, in-vehicle time and taxi fare; for the taxi side, the two-component 
utility function was also adopted.  
Yang et al. (2005) proposed a multi-period dynamic model to study the shift 
behaviors of taxi drivers, which was based on a clock-like network that considered the 
time attributes of the taxi service rather than a classical node-link network. The 
customer demand was period-specific and formulated as a function of waiting time and 
taxi fare; the taxi driver was assumed to enter and exit the operation at any time, which 
was determined by a cost function considering the total service time and 
period-dependent component. Fernandez et al. (2006) proposed a similar model as in 
Yang et al. (2005), which also added the attribute of time to the model.  
Wong et al. (2008) further improved the model proposed by Wong et al. (2003) by 
incorporating multiple user classes and vehicle modes. In this model, for the customer 
side, there were multiple user classes with hierarchical modal choice behaviors, and the 
user in each class had different values of time and money; for the taxi side, there were 
also multiple taxi modes which had distinct service area restrictions and fare 




Yang et al. (2010a) combined the bilateral searching model proposed by Wong et al. 
(2005) and the network model proposed by Yang and Wong (1998) into a new 
mathematical model, which aimed to make the combined model more practical in 
applications.  
Yang et al. (2010b) further improved the model proposed by Wong et al. (2003) by 
adopting non-linear pricing in the utility function of taxi drivers for the taxi-customer 
searching problem. 
A comparison between these mathematical TSMs is shown in Table 2.1.  
 
2.1.3 The micro-simulation based TSM 
Micro-simulation is the modeling of individual vehicle movements on a second or sub- 
second basis for the purpose of assessing the traffic performance of highway and street 
systems, transit, and pedestrians (Dowling et al., 2004). A number of existing 
microscopic simulation software can be found in Jeannotte et al. (2004) such as 
PARAMICS, VISSIM, SATURN, AIMSUN, SimTraffic, MITSIMLab, etc. are able to 
model the behaviors of the vehicular traffics.  
The modeling of taxi services is based on the micro-simulation of traffic, there are 
a number of simulation-based TSMs in the literature, which have modeled the taxis 
and/or the customers as individual software entities with pre-specified decision making 
behaviors, and generate the estimation or prediction results by running the simulation 
model repeatedly. Moreover, simulation-based TSM also enables the modeling and 




Table 2.1: The mathematical TSM: from the transportation point of view 
NO PAPERS CUSTOMER BEHAVIOR TAXI BEHAVIOR NETWORK 
1 Yang and Wong (1998) Fixed demand Min. searching time Simple road network, no congestion 
2 Wong and Yang (1998) Fixed demand Min. searching time Simple road network, no congestion 
3 Yang et al. (2001) Fixed demand Min. searching time HK City road network, no congestion 
4 Yang et al. (2002) Fixed demand Min. searching time HK City road network, no congestion 
5 Wong et al. (2001) Elastic demand Min. searching time Simple road network, with congestion 
6 Wong and Wong (2002) Elastic demand Min. searching time Simple road network, with congestion 
7 Wong et al. (2003) Elastic demand Max. profit and Min. searching time Simple road network, with congestion 
8 Wong et al. (2005) Fixed demand, with meeting place choice behavior Max. profit and Min. searching time Network with meeting points, no congestion 
9 Yang et al. (2005) Elastic demand, considering time of day Max. profit and Min. total service time Clock network, with time attributes 
10 Fernandez et al. (2006) Elastic demand, considering time of day Max. profit and Min. total service time Simple network, with time attributes 
11 Wong et al. (2008) Elastic demand, considering different user classes Max. profit and Min. searching time Simple road network, no congestion 
12 Yang et al. (2010a) Elastic demand, choice of meeting place Max. profit and Min. searching time HK City road network, no congestion 
13 Yang et al. (2010b) Elastic demand Max. profit and Min. searching time HK City road network, no congestion 
14 Wong et al. (2010)  - Validated Max. profit - 
15 Sirisoma et al. (2010)  - Validated Min. searching time - 
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testing of efficient Intelligent Transportation Systems (ITS) adopted in the taxi service, 
such as the taxi dispatching systems, etc.  
Some of the simulation-based TSMs employed physical road networks and 
modeled them explicitly. For example, Lee et al. (2003) proposed a microscopic 
simulation model using PARAMICS (Quadstone, 2010) to study and test shortest-time 
based dispatching system; the road network of the Central Business District (CBD) in 
Singapore was chosen as the study area. To test a Multi-Agent (MA) based dispatching 
system, Seow et al. (2007) proposed another microscopic simulation model using 
MITSIMLab (MIT, 2000), and a physical road network was also explicitly modeled.  
Some of the other simulation-based TSMs modeled the road networks implicitly 
rather than explicitly. For example, Aamena et al. (2009) developed a simulation model 
to test a self-organization based taxi dispatching system, and the real taxi booking data 
from a city in the Middle East was used as the input of the model but without using the 
road network of the city. Cheng and Nguyen (2011) proposed a simulation model for 
the taxi service and studied the taxi drivers’ strategies in searching customers based on 
the service choice model proposed in Cheng (2009) and the entire island of Singapore 
was chosen as the study area; however, the model did not simulate the road network 
explicitly.  
A comparison between these simulation-based TSMs is shown in Table 2.2.  
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Table 2.2: The simulation-based TSMs 
NO PAPERS OBJECTIVE NETWORK TOOLS 
1 Lee et al. (2003) Test dispatch system Singapore CBD (explicit) PARAMICS 
2 Seow et al. (2007) Test dispatch system A physical network (explicit) MITSIMLab 
3 Aamena et al. (2009) Test dispatch system A Middle East city (implicit) - 
4 Cheng and Nguyen (2011) Simulation platform Entire Singapore (implicit) - 
 
2.2 Literature on the Taxi Dispatching System 
Except for the current taxi dispatching system introduced in Section 1.2 of Chapter 1, 
several taxi dispatching strategies have been proposed in the literature to improve the 
operational efficiency of taxi dispatching systems. As aforementioned, the formulation 
of a typical dispatching/control strategy includes:  
 Dispatching system architecture;  
 Dispatching operations; and/or  
 Core dispatching algorithms/processes.   
In terms of the system architecture, those dispatching strategies can be classified 
into two categories: one is the centralized dispatching strategy; the other is the 
non-centralized dispatching strategy, which will be introduced in Section 2.2.1 and 
Section 2.2.2 respectively. Moreover, other than the research studies that directly 
propose new dispatching strategies, there are also several research studies on taxi 
dispatching related issues, which will be introduced in Section 2.2.3. 
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2.2.1 The centralized dispatching strategy 
The current taxi dispatching system introduced in Section 1.2 of Chapter 1 is a typical 
centralized dispatching strategy, in which a dispatching center is established in the 
system. The dispatching center gathers all information of customer booking(s) and 
candidate taxi(s), and acts as the decision maker to decide the assignment of the 
booking(s) to the candidate taxi(s) using a centralized assignment algorithm. Liao 
(2003) has discussed a GPS based real-time taxi dispatching system which was 
employed by three Singapore taxi companies: when a customer requested a taxi, the 
system would broadcast the message to taxi drivers within a distance of 10km from the 
customer, a taxi which had the shortest distance to the customer would be dispatched. 
Lee et al. (2003) proposed an improved taxi dispatching strategy, in which the taxi(s) 
with the shortest travel time rather than the shortest distance would be dispatched to the 
customer(s), and the shortest travel time was determined by the real-time traffic 
condition. Alshamsi et al. (2009) proposed a self-organized taxi dispatching strategy, in 
which the size of the search area for available taxis changed from time to time and the 
taxi(s) with the highest empty cruising time rather than the shortest distance or shortest 
travel time would be dispatched to the customer(s). Wang et al. (2009) proposed an 
innovative PDPTW (Pickup and Delivery Problem with Time Windows) based taxi 
dispatching strategy which could form trip chains for the advance taxi booking requests 
to minimize the total number of vehicles used and the total travel costs.  
 There are also other centralized dispatching strategies used for the coordination 
with other modes of transport service. For example, Lee et al. (2005) proposed a taxi 
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pool dispatching strategy that treats taxis as a feeder service to the mass transit system. 
Li et al. (2008) proposed a taxi pre-alarm system for a specific transportation hub (e.g., 
train station or airport). 
 
2.2.2 The non-centralized dispatching strategy 
For the non-centralized dispatching strategy, the taxi will possess a certain level of 
decision making ability, and the taxi dispatching center will act as the decision arbiter 
rather than the decision maker as in the centralized dispatching strategies. Seow et al. 
(2007) proposed a Multi-Agent (MA) based architecture for the taxi dispatching system, 
which was able to handle the dispatching job for assigning multiple bookings to 
multiple available taxis in a given time window. This architecture employed 
collaborative taxi agents - active software entities installed in the in-vehicle computing 
units of taxis that could cooperatively negotiate with each other on behalf of taxi 
drivers to reach an agreement on the assignment of multiple bookings among them, 
which is essentially a Collaborative Linear Assignment Problem (CLAP). To solve this 
problem, a Multi-Agent Assignment Algorithm (MA
3
) with Local Mediation (LM), or 
MA
3
-LM proposed in Seow and Sim (2006) was selected as the solution algorithm for 
the CLAP. In Seow and Lee (2010), the theoretical boundary and optimal situations 
were discussed for the multiple taxi-booking assignment with MA
3
-LM, which 
indicated the best application scenarios of the MA based taxi dispatching architecture. 
Santani et al. (2008) also proposed a MA based dispatching system based on the study 
of the taxi tracing data in Singapore, and the proposed dispatching system needed to 
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incorporate dynamic market mechanism, local information sharing as well as online 
learning techniques.  
 
2.2.3 Other taxi dispatching related research studies 
Hwang et al. (2006) proposed a customer preference model for GPS dispatching 
services, which was based on a case study carried out in Taiwan. Lee and Cheng (2008) 
proposed a business model for a smart phone based taxi dispatching system. Santani et 
al. (2008) studied the spatio-temporal efficiency of the taxi fleet from one Singapore 
operator using GPS data. Both Conway et al. (2012) and Da costa and de Neufville 
(2012) studied the dispatching systems at the airport. Chang et al. (2012) proposed an 
analytical model to optimize fleet size of GPS based taxis.  
 
2.3 Summary 
Some limitations in the research studies on the taxi service can be found from the 
aforementioned literatures, which are summarized in the follows:  
 The first limitation is from the modeling of the taxi service, or the Taxi Service 
Models (TSMs): on one hand, the majority of the TSMs are still on mathematical 
models which are normally formulated in a highly aggregated form, so that there is a 
need to develop alternative TSMs to capture the microscopic level details of the taxi 
service, such as the simulation-based TSMs; however, there are only a few existing 
simulation-based TSMs with modeling approaches, so that there is still room for the 
further development of the simulation-based TSMs; on the other hand, as discussed in 
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Section 1.3.3 of Chapter 1, both of the existing mathematical TSMs and the 
simulation-based TSMs need further improvement to satisfy some of the urgent needs 
in the taxi service, for example, the considerations of Non-Booking Taxi Service 
(NBTS), dynamic customer behaviors and the market-level dispatching behaviors, 
which aim to evaluate the dispatching strategies more properly.  
 The second limitation is for the taxi dispatching system: even though a number of 
dispatching strategies have been proposed in the literature, there are still gaps between 
those dispatching strategies and the solutions for the urgent issues as stated in the 
Sections 1.3.1 and 1.3.2 of Chapter 1, including: 1) the issues for the Booking Taxi 
Service (BTS); and 2) the issues for the Non-Booking Taxi Service (NBTS).  
 In all, the comprehensive literature review on the taxi service related topics has 
been conducted in this chapter, which indicates that: 1) the issues mentioned in the 
Section 1.3 of Chapter 1 have yet been solved in the previous research studies, and 2) 
the research objectives stated in Section 1.4 of Chapter 1 are expected to advance the 
existing knowledge in the taxi service modeling and taxi dispatching/control strategies 
in the previous studies. 




Chapter 3 A Micro-Simulation Based TSM 
 
A Microscopic Simulation Based Taxi 
Service Model for the Evaluation of 
Taxi Dispatching Strategies 
 
3.1 Background  
One of the issues in the taxi dispatching system highlighted in Chapter 1 is that the 
existing Taxi Service Models (TSMs) are inadequate to evaluate the dispatching 
strategies properly, which is due to the following limitations: 
 Firstly, the mathematical models are formulated in highly aggregated forms 
which are difficult to capture the microscopic level details such as the dynamic 
customer behaviors (e.g. waiting/queuing, booking, cancellation, etc) and 
automated dispatching approaches;  
 Secondly, even though the microscopic simulation models have modeled the 
Booking Taxi Service (BTS) and corresponding dispatching strategies, they 
failed to model dynamic customer behaviors and the Non-Booking Taxi 
Service (NBTS) of which the effects to the dispatching process are ignored; 
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 Thirdly, neither the mathematical models nor the simulation models have 
studied the problem of competitive taxi market where more than one taxi 
operator exists.  
Thus, the objective of this chapter is to propose a new TSM which is able to 
improve the existing TSMs in terms of the aforementioned limitations, and to evaluate 
the dispatching strategies more properly. To achieve these, the microscopic traffic 
simulation is adopted as the modeling and analysis approach for the proposed TSM. 
More specifically, the proposed TSM will be able to: 
 Model taxi operations for both BTS and NBTS;  
 Model dynamic customer behaviors such as queuing, waiting, booking, taking 
taxis for BTS or NBTS, etc.;     
 Model the competitive taxi market in which more than one taxi operator exists, 
and each operator has an individual taxi fleet and could employ individual 
dispatching strategy; 
 Model and evaluate dispatching strategies in different system architectures 
(centralized, non-centralized and decentralized) and in different market levels 
(operator-level and market-level) with suitable Performance Indicators (PIs). 
Those types of dispatching strategy will be introduced in detail in Section 
3.3.3. 
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3.2 Software Architecture 
 
3.2.1 Limitations of the existing microscopic simulation software 
A number of existing microscopic simulation software can be found in Jeannotte et al. 
(2004) such as PARAMICS, VISSIM, SATURN, AIMSUN, SimTraffic, MITSIMLab, 
etc. are able to model the behaviors of the vehicular traffics; however, they are 
inadequate to be adopted for the TSM if using their default modeling functions, reasons 
are in the following: 
 In most of the existing simulation tools, the vehicle generating process is based 
on the individual trips of the vehicle, e.g., a vehicle is generated based on a 
pre-specified Origin-Destination (OD) matrix, so that the generated vehicle 
will immediately vanish from the simulation environment once it has arrived at 
its destination. In other words, the relations (if any) between individual trips of 
the vehicle are ignored by the simulation. However, for the simulation of taxis, 
the vehicle representing the running taxi has to be retained during the entire 
duration of simulation, and the waiting/queuing behaviors of the taxi between 
any two consecutive trips should be modeled; 
 The existing simulation software is unable to model the dynamic customer 
behaviors such as the waiting for NBTS, the booking for BTS and the 
cancellation of bookings; moreover, they are also unable to model the 
interactions between the customer and the taxi, such as the pickup and delivery 
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of customers, taxi driver’s decision making process for handling the bookings, 
etc.; 
 The existing simulation software are unable to model the dispatching strategies 
because they lack the ability to model the decision making process of the 
dispatching system as well as the communication between the customer/taxi 
sides and the dispatching system. 
 
 
3.2.2 The software architecture for the proposed TSM 
To overcome the aforementioned limitations of the existing microscopic simulation 
software, an improved two-tier software architecture is proposed. As shown in Figure 
3.1, the two-tier architecture consists of the simulation tier and the logic tier. 
 
3.2.2.1 Simulation tier 
The simulation tier includes a traffic simulator (with the road network of the study area) 
and the Application Program Interfaces (APIs) of the traffic simulator. In this research, 
the microscopic traffic simulation software - PARAMICS (Quadstone, 2010) is chosen 
as the traffic simulator of the proposed TSM. 
 
3.2.2.2 Logic tier 
The logic tier provides the simulation logics and operational rules for the proposed 
TSM. Several functional modules are defined in this tier:  
 Taxi Manager: manages the taxi operations during the simulation period; 
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 Customer Manager: generates customers by following a pre-specified OD 
matrix and a releasing pattern (e.g. the Poisson distribution), and controls the 
dynamic customer behaviors; 
 Taxi Dispatching Controller: models and controls the taxi dispatching 
processes of the operator-level and market-level dispatching strategies;  
 Operator Manager: manages taxi operators which have individual taxi fleets 
in the proposed TSM;  
 Performance Evaluator: evaluates the taxi service performance which is 
represented by a number of PIs, including OR, CWT, etc.  
 Simulation Controller: controls the overall logic of the simulation model, 
interacts with the simulation tier by receiving events from and sending 
feedbacks to the traffic simulator via the APIs.    
 Database provides the database storage and the Input/Output (IO) interfaces 
for the proposed TSM. The model parameters, input data and output data (e.g., 
the simulation results) are stored in the database.  




Figure 3.1: The two-tier software architecture for the proposed TSM 
 
Figure 3.2 shows the functional block diagram for the major functionalities of the 
proposed TSM. It indicates how those functional modules are implemented in the 
software (model) and how they interact with each other. The implementation of 
different dispatching strategies (including the market-level dispatching strategies and 
operator-level dispatching strategies) is achieved by coding respective dispatching 
strategies into the two function modules: market-level dispatching controller and 
operator-level dispatching controller. By doing this, it is not necessary to develop 
different software (model) when testing different dispatching strategies.  
Simulation Controller
Logic control
Receive events via API
Feedbacks to API
Traffic Simulator


























Figure 3.2: The functional block diagram for the simulation model 
 
3.3 Model Development 
The proposed micro-simulation based TSM consists of four sub-models, namely the 
Taxi-Customer Searching Model (TCSM), the Customer Demand Model (CDM), the 
Dispatching Strategy Model (DSM) and the Simulation Network Model (SNM).  
 
3.3.1 The Taxi-Customer Searching Model (TCSM) 
Taxis are assumed to be running freely on a road network G = (V, E), V is the set of 
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customer(s) at a taxi stand TSj∈TS⊂V where TS is the set of all taxi stands. For 
simplification but without loss of generality, the case of picking up or dropping 
customers on the street (road segment) Vk∈V will not be considered in this model, the 
reasons are: 
 The proposed TSM aims to evaluate dispatching strategies, i.e., to evaluate 
how efficiently a dispatching strategy can match waiting customers and vacant 
taxis. In this sense, for a pair of taxi and customer possibly to be matched, 
there is little difference in the dispatching performance between meeting at the 
taxi stand and meeting on the street; 
 Meeting at the taxi stand and meeting on the street for a pair of taxi and 
customer are essentially the same, i.e., a road segment can be assumed to 
consist of infinite number of virtual taxi stands in which the meeting point of a 
taxi-customer pair can be at any of them. The only difference between a virtue 
taxi stand and a real taxi stand is that the former has shorter customer/taxi 
queues and fewer bookings while the latter one normally has longer 
customer/taxi queues and more bookings; 
 Moreover, modeling the meeting on the street for a pair of taxi and customer in 
the microscopic level is complicated and seldom studied in the literature (as 
reviewed in Chapter 2), but the contribution of it to the evaluation of 
dispatching strategies is marginal.  
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With the reasons and considerations mentioned above, it is decided that the 
modeling of the meeting of the taxi-customer pair on the street will not be considered in 
the current development stage of the proposed model.  
A state machine is designed for each taxi entity in the simulation model to control 
the updating of the taxi operational state. Five operational states are defined in the 
model:  
 Free state: the taxi is running on the road network, no customer occupies and 
no booking request is assigned to the taxi;  
 On-call state: the taxi is running on the road network, no customer occupies 
but there is a booking request assigned to the taxi, and the taxi is heading for 
the taxi stand where the booking request comes from;  
 Boarding state: a customer is boarding a taxi at the taxi stand, the customer 
may or may not have made a booking request;  
 Boarded state: the taxi is running on the road network with a customer, and the 
taxi is heading for the destination of the customer;  
 Alighting state: a customer is alighting from the taxi at the taxi stand.  
 
3.3.2 The Customer Demand Model (CDM) 
Customers are assumed to be generated in the simulation by a stochastic process - 
Poisson point process over time t, in which the time intervals between the generating 
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times of each pair of consecutive customers with the same OD pair has an exponential 
distribution with parameter λ, and these time intervals are assumed to be independent 
with each other. Thus, the number of customers with the same OD pair generated in 
time interval (t, t + Δt] follows a Poisson distribution with parameter λΔt, that: 
( )
Pr[ ( ) ( ) ] , 0,1,...,
!
t ke t
N t t N t k k
k
   
                    (3.1) 
Where N(t + Δt) - N(t) = k is the number of customers with the same OD pair 
generated in time interval (t, t + Δt]. In the simulation, a “customer” refers to one 
person or a group of persons who are willing to take a taxi together. 
Customers (once generated) are assumed to be queuing and waiting at the taxi stand 
for the NBTS, i.e., the customer queuing at the very front of the queue will take the 
next available taxi arriving at the taxi stand. If a customer has been waiting for a certain 
period of time T0 but no taxi picks up him/her, the customer may decide to make a 
booking call. There are three possible consequences that may occur after the booking is 
made:  
 If a taxi is ready to pick up a customer whose booking (if any) has not been 
confirmed by the dispatching center, the customer will board on this taxi and 
then cancel the booking made previously;  
 If a taxi is ready to pick up a customer whose booking is already confirmed by 
another taxi, the customer will not board on the arrived taxi and will continue 
to wait for the arrival of the confirmed one;   
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 If the customer has been waiting for a certain period of time Tmax, he/she will 
decide not to wait any longer and the booking will be regarded as an 
unsuccessful booking.  
To respond to the aforementioned possible consequences, three queues are 
designed for the simulation model, namely the Customer Waiting Queue (CWQ), the 
Booking Queue (BQ) and the Confirmed Booking Queue (CBQ). In each iteration of 
the simulation process, the following tasks will be carried out:  
(1) When a customer is generated during the simulation, an object representing the 
customer will be inserted into the CWQ of the taxi stand where the customer is 
waiting at; 
(2) If a customer has been queuing in the CWQ for a period of time T0, the 
customer will immediately place a booking request into the BQ, and the object 
representing the customer will be in the CWQ;  
(3) If a booking request is confirmed by the dispatching center, it will be deleted 
from the BQ and then inserted into the CBQ; 
(4) When an On-call taxi arrives at the taxi stand, the corresponding booking 
request will be deleted from the CBQ and the object representing the customer 
who has placed this booking request will also be deleted from the CWQ, and 
then the On-call taxi will prepare for departing to the destination of the 
customer;   
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(5) When a Free taxi arrives at the taxi stand, it will check the CWQ whether 
there are any objects representing the customers queuing at the taxi stand. If 
the CWQ is not empty, the taxi will take the customer who is queuing at the 
front of the CWQ, and the object representing the customer will also be 
deleted from the CWQ. In this case, the simulation model will also check 
whether the customer has placed a booking request in BQ/CBQ or not. If the 
customer has placed a booking request and the request is currently in the CBQ 
(confirmed by another taxi), the taxi will not take the customer;  
(6) If the object representing the customer has been existing in the CWQ for more 
than a certain period of time Tmax, the object will be deleted from the CWQ, 
and the corresponding booking request (if any) will also be deleted from the 
BQ and considered an unsuccessful booking. 
       
The modeling tasks mentioned above are shown in details in Figure 3.3:   





Figure 3.3: The Customer Demand Model (CDM) 
 
3.3.3 The Dispatching Strategy Model (DSM) 
 
3.3.3.1 The operator-level dispatching strategy 
In the taxi service market, the taxi operator may adopt the operator-level dispatching 
strategy to handle the customer bookings. For example, the taxi operator may employ a 
taxi dispatching system which is able to dispatch available taxi(s) to the customer 
booking(s) by a pre-specified dispatching algorithm, such as the shortest travel time 
dispatching algorithm proposed in Lee et al. (2003).  
In the “system” point of view, as shown in Figure 3.4, the operator-level 
dispatching strategy can be classified into three categories: centralized (Lee et al., 
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2003), non-centralized or partially decentralized (Seow and Lee, 2010) and 
decentralized dispatching strategies (Seow and Sim, 2006). 
 
Figure 3.4: Three types of the operator-level dispatching strategy 
 
Centralized dispatching strategy: As shown in Figure 3.4(a), a dispatching center 
functioning as the only decision maker is established in this type of dispatching strategy. 
All customer bookings are sent to the dispatching center and all taxis can communicate 
their current status (such as the operational state and the GPS-based location) to the 
dispatching center (but not between taxis themselves) via the wireless communication 
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will decide the assignment of the booking(s) to the candidate taxi(s) using a centralized 
assignment algorithm and then inform the corresponding customer(s) and taxi(s). 
Normally, powerful computational resources are required for the dispatching center 
(this type of dispatching strategy is adopted as the operator-level dispatching strategy in 
the example presented in Section 3.5). The swim-lane diagram of the centralized 
dispatching strategy is shown in Figure 3.5.  
 
Figure 3.5: Swim-lane diagram of the centralized dispatching strategy 
 
Non-centralized (or partially decentralized) dispatching strategy: as shown in 
Figure 3.4(b), a lightweight dispatching center functioning as the information 
distributer and decision arbiter (rather than the decision maker) is equipped with this 
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type of dispatching strategy. Similar to the centralized version, all customer bookings 
are sent to the dispatching center. However, for the taxi side, except the GPS and 
communication equipment, each taxi has also installed an active software entity, 
namely the taxi agent in the In-vehicle Unit (IU) of the taxi, which can make 
independent decisions on behalf of the taxi driver and communicate with the 
dispatching center and other taxi agents. During the operation of the system, the 
dispatching center will firstly distribute booking information to all taxi agents which 
will then communicate their intended assignment proposals to the dispatching center 
for mediation. Sometimes, the taxi agents may also exchange their assignments with 
each other over ad-hoc networks. To achieve this, a global agent-based negotiation 
mechanism should be employed (Examples of this type of dispatching strategy will be 
presented in Chapter 4 and Chapter 5).  
Decentralized dispatching strategy: as shown in Figure 3.4(c), no dispatching 
center will be equipped with this type of dispatching strategy. Similar to the 
non-centralized version, each taxi has installed a taxi agent. All taxi agents will not 
only detect customers (with customer agents installed in the mobile devices carried by 
customers) who are searching for taxi services but also negotiate with each other over 
ad-hoc networks to achieve the final assignment agreement on which taxi to pickup 
which customer. A local agent-based negotiation mechanism will also be employed in 
this type of dispatching strategy (Example of this type of dispatching strategy will be 
presented in Chapter 6).  
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3.3.3.2 The market-level dispatching strategy 
In the competitive taxi market where more than one taxi operator exists, there could 
also be a market-level dispatching strategy. One example of it is to setup a market-level 
dispatching center which is able to communicate with the dispatching systems of 
individual taxi operators: when the customer bookings are sent to the market-level 
dispatching center, it will assign those bookings to individual taxi operators by a 
pre-specified assignment rule. One real world market-level dispatching strategy is the 
One Common Taxi Number dispatching strategy currently operated in Singapore (LTA, 
2008); moreover, the case of employing no market-level dispatching center could also 
be a type of market-level dispatching strategy. In summary, two types of market-level 
dispatching strategy are defined in the following (which is also shown in Figure 3.6): 
 Non-Cooperative Dispatching Strategy (Non-Coop-DS): the customer makes 
booking calls to the dispatching systems of individual taxi operators, and the 
operator only performs the dispatching within its taxi fleet but does not 
interfere with the dispatching processes of other operators;  
 Cooperative Dispatching Strategy (Coop-DS): the customer makes bookings 
to the market-level dispatching center which will negotiate with the 
dispatching systems of individual operators to decide the distribution of the 
customer booking(s) to achieve a global objective (e.g., minimum average 
customer waiting time). 




Figure 3.6: Two types of the market-level dispatching strategy 
 
3.3.4 The Simulation Network Model (SNM) 
The simulation network model provides the spatial structure and attributes of the 
aforementioned three sub-models. Three levels of the network could be simulated in 
this model, including the stand-level simulation, the district-level simulation and the 
region-level simulation networks.   
 
3.3.4.1 Stand-level simulation  
As shown in Figure 3.7, the taxi stand at IKEA Singapore is chosen as an example of 
this level of simulation, in which both taxi operations (e.g., queuing, boarding and 
alighting) and customer behaviors (e.g., queuing, waiting and booking) are simulated 
explicitly. The objective of the stand-level simulation is to study the interactions 
between taxis and customers at the taxi stand, and the effects of them in the dispatching 




















3.3.4.2 District-level simulation 
Figure 3.8 shows an example of the district-level simulation, which is a fictitious road 
network covering an area of around 3km×3km created in PARAMICS. Two types of 
taxi stands are defined for this level of simulation: 
 Taxi stands located within the study area (the boundary of the study area is 
shown in Figure 3.8);  
 Taxi stands located outside the study area (in fact, these taxi stands can be 
considered as located in the fringe areas adjacent to the study area). 
The objective of the district-level simulation is to evaluate the dispatching strategy 
in the small scale network or sub-networks. The customer behaviors and taxi operations 
at the taxi stand will be modeled implicitly due to the large quantity of taxi stands in 
this level of simulation and their marginal impact to the evaluation of the dispatching 
performance (Examples of this type of simulation network will be presented in Chapter 
4 and Chapter 6). 
 








(a) Taxi Stand at IKEA Singapore (Google Map) (c) Front view in the simulation model 
(b) Taxi Stand at IKEA Singapore (Simulation model) (d) Back view in the simulation model 




Figure 3.8: District-level simulation 
 
3.3.4.3 Region-level simulation 
Figure 3.9 shows an example of the region-level simulation, in which the central region 
of Singapore is chosen as the study area covering an area of around 17km×10.5km. 
There are totally 993 nodes and 2,348 links defined in the road network of the central 
region of Singapore, and 764 zones in this network were defined to represent the taxi 
stands. The objective of the region-level simulation is to evaluate the dispatching 
strategy in the large scale network, in which traffic signals and road congestions 
(caused by other traffics) will be considered. (Examples of this type of simulation 




A taxi stand within 
the study area








Figure 3.9: Region-level simulation 
 
3.4 Input Data, Parameters and Performance Indicators  
 
3.4.1 The customer OD matrix 
The customer OD matrix indicates the number of customers generated for each OD pair 
in the study area within a unit period of time (e.g., within an hour). Take the 
region-level simulation (as shown in Figure 3.9) for example, the study area - the 
central region of Singapore is partitioned into 11 sub-areas as shown in Figure 3.9(c) 
and listed in Table 3.1. One example of the customer OD matrix for this study area is 
shown in Table 3.2. 
(a) The study area: central region of Singapore (b) Road network within the study area
(c) The partition of the study area
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Table 3.1: The partition of the study area 
Sub-area ID Sub-area Name Number of taxi stands 
101 Central Business District (CBD) 95 
102 Bukit Merah 76 
103 Tanglin 69 
104 Novena 68 
105 Kallang 72 
106 Marine Parade 60 
107 Queenstown 82 
108 Bukit Timah 84 
109 Bishan 39 
110 Toa Payoh 42 
111 Geylang 77 
 
Table 3.2: An example of the customer OD matrix (customers/hr) 
O\D 101 102 103 104 105 106 107 108 109 110 111 
101 0 10 10 10 10 10 10 10 10 10 10 
102 10 0 10 10 10 10 10 10 10 10 10 
103 10 10 0 10 10 10 10 10 10 10 10 
104 10 10 10 0 10 10 10 10 10 10 10 
105 10 10 10 10 0 10 10 10 10 10 10 
106 10 10 10 10 10 0 10 10 10 10 10 
107 10 10 10 10 10 10 0 10 10 10 10 
108 10 10 10 10 10 10 10 0 10 10 10 
109 10 10 10 10 10 10 10 10 0 10 10 
110 10 10 10 10 10 10 10 10 10 0 10 
111 10 10 10 10 10 10 10 10 10 10 0 
Note: O = Origin sub-areas; D = Destination sub areas; 
In the simulation, only the origin and destination sub-area IDs of the customer are 
indicated in the customer OD matrix, i.e., once a customer is generated (by following 
the simulation process mentioned in 3.3.2), the simulation model will only generate the 
origin and destination sub-area IDs of the customer but not the origin and destination 
taxi stand IDs. In the simulation, the origin and destination taxi stands are randomly 
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chosen within the corresponding sub-areas, e.g., if a customer is generated with the 
origin sub-area m and the destination sub-area n, the simulation model will randomly 
chose a taxi stand i within the sub-area m and a taxi stand j within the sub-area n as the 
pair of origin and destination taxi stands for the customer.  
 
3.4.2 Model parameters 
 
3.4.2.1 Demand scale level  
The proposed TSM is able to evaluate the taxi performance for different customer OD 
matrices. For simplification purpose, we generate a series of customer OD matrices 
based on a baseline customer OD matrix and the demand scale level, which is carried 
out by the following three steps:  
Step 1:  Choose a customer OD matrix as the baseline customer OD matrix, e.g., the 
customer OD matrix shown in Table 3.2;  
Step 2:  Generate a new customer OD matrix by multiplying the demand scale level 
(denoted by a real positive number R) to the baseline customer OD matrix, i.e., 




 column of 





 column of the baseline customer OD matrix;  
Step 3:  Generate other customer OD matrices by repeating step 2 with different 
demand scale levels.  
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3.4.2.2 Customer’s T0 and Tmax 
As introduced in Section 3.3.2, T0 is the customer’s queuing time at the taxi stand 
before the customer starts booking for a taxi; Tmax is the maximum time the customer 
can wait at the taxi stand if no taxi has taken him/her. These two parameters could be 
considered as random variables affected by the following three factors:  
 Customer characteristic: different customer may have different T0 and Tmax; 
 Time of the day: for different time of the day, the same customer may have 
different T0 and Tmax; 
 Randomness: even for the same customer and the same time of the day, the 
customer may also show different T0 and Tmax, which may due to the 
randomness of the customer when waiting at the taxi stands. 
Thus, the T0 and Tmax can be formulated as in the following: 
0 0 ( , )
j jT T t    and   max max ( , )
j jT T t                    (3.2) 
Where 0
jT is the jth generated customer’s waiting time before booking, max
jT is the 
j
th
 generated customer’s maximum waiting time at the taxi stand, t is the current 
simulation time and ε is the random error. 
 
3.4.2.3 The market structure 
The market structure includes: 1) The taxi population (the total number of taxis in the 
market); 2) The number of taxi operators in the market and their market shares; 3) The 
customers’ preferences in booking taxis; 4) The operator-level dispatching strategy 
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adopted by each taxi operator; and 5) The market-level dispatching strategy. 
The customers’ preferences in booking taxis can be defined by the following: the 
preference of the customer in booking taxis of operator j is a probability Pj that a 
customer will book the taxi of operator j. One assumption made here is that the 
probability Pj is a proportionally increasing function of the market share of the operator 
j, i.e., Pj = P(Sj) where Sj is the market share of the operator j.  
 
3.4.2.4 System parameters 
The system parameters include the total simulation duration, the minimum warm-up 
time, the number of minimum simulation repetitions and all parameters of the selected 
simulator (PARAMICS) chosen for the proposed TSM. Other system parameters of the 
simulation model are set based on the field observation and survey. 
The number of minimum simulation repetitions for each set of initial parameters is 













                          (3.3) 
Where: 1 %CI  is the confidence interval for the true mean, and α equals the 
probability of the true mean not lying within the confidence interval. (1 /2), 1repN
t    is 
the Student’s t-statistic for the probability of a two-sided error summing to α with 
1repN   degrees of freedom, where repN  equals the number of repetitions. sd is the 
standard deviation of the model results. When choosing 1 % /CI sd =1.5, desired 
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confidence=95%, the minimum repetitions equals to 12.  
 
3.4.3 Performance Indicators (PIs)  
 
3.4.3.1 Occupancy Rate (OR) 
The OR is the ratio between the total occupied time and the total operating time of all 
taxis, as shown in Equation (3.4):  










                        (3.4) 
O
iT is the occupied hours of the i
th
 taxi, which is measured by the summation of 
time intervals between the customer’s boarding and alighting time. Ti is the total 
service hours of the i
th






empty cruising hours of the i
th
 taxi.  
 
3.4.3.2 Customer Waiting Time (CWT) 








                            (3.5) 
Wi is the waiting time of the i
th
 customer, which is measured by the time interval 
between the customer’s arrival time and the boarding time. If the customer has yet 
taken any taxi and he/she has been waiting at the taxi stand more than a certain period 
of time Tmax, the waiting time of that customer will caped by Tmax. Nc is the total number 
of customers that have been waiting at the taxi stands.  
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3.4.3.3 Number of Unsuccessful Bookings (UBKs) 
As mentioned in Section 3.3.2, if the customer has been waiting at the taxi stand for a 
certain period of time Tmax and the booking made by the customer has yet been 
confirmed, the customer will decide not to wait any longer and the booking will be 
regarded as an UBK. In the strategy without dispatching (Free Dispatching Strategy), 
the number of UBKs refers to the number of customers who decide not to wait any 
longer at the taxi stand.  
 
3.4.3.4 Booking Rate (BR) 
The BR is the ratio between the number of booking taxi trips and the total number of 






                             (3.6) 
Nb is the number of booking taxi trips and Ntot is the total number of occupied taxi 
trips.   
 
3.5 A Simulation Example 
A simulation example is shown in this section to illustrate how to apply the proposed 
TSM. The region-level simulation which is based on the central region of Singapore 
shown in Figure 3.9 is chosen as the study area for this example.     
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Table 3.3: Baseline customer OD matrix for Scenario 1 (customers/hr) 
O\D 101 102 103 104 105 106 107 108 109 110 111 
101 0 10 10 10 10 10 10 10 10 10 10 
102 10 0 10 10 10 10 10 10 10 10 10 
103 10 10 0 10 10 10 10 10 10 10 10 
104 10 10 10 0 10 10 10 10 10 10 10 
105 10 10 10 10 0 10 10 10 10 10 10 
106 10 10 10 10 10 0 10 10 10 10 10 
107 10 10 10 10 10 10 0 10 10 10 10 
108 10 10 10 10 10 10 10 0 10 10 10 
109 10 10 10 10 10 10 10 10 0 10 10 
110 10 10 10 10 10 10 10 10 10 0 10 
111 10 10 10 10 10 10 10 10 10 10 0 
Note: O = Origin sub-area IDs; D = Destination sub area IDs; 
Table 3.4: Baseline customer OD matrix for Scenario 2 (customers/hr) 
O\D 101 102 103 104 105 106 107 108 109 110 111 
101 0 15 15 15 15 15 15 15 15 15 15 
102 10 0 10 10 10 10 10 10 10 10 10 
103 10 10 0 10 10 10 10 10 10 10 10 
104 10 10 10 0 10 10 10 10 10 10 10 
105 10 10 10 10 0 10 10 10 10 10 10 
106 10 10 10 10 10 0 10 10 10 10 10 
107 10 10 10 10 10 10 0 10 10 10 10 
108 10 10 10 10 10 10 10 0 10 10 10 
109 10 10 10 10 10 10 10 10 0 10 10 
110 10 10 10 10 10 10 10 10 10 0 10 
111 10 10 10 10 10 10 10 10 10 10 0 
Note: O = Origin sub-area IDs; D = Destination sub area IDs; 
For the demand side, two customer demand scenarios are considered: Scenario 1 is 
to take the customer OD matrix shown in Table 3.3 as the baseline OD matrix, in which 
the customer numbers of every OD pairs (except the OD pairs with the same sub-area 
IDs) are equal; Scenario 2 is to take the customer OD matrix shown in Table 3.4 as the 
baseline OD matrix, in which the customer numbers of the OD pairs originated from 
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the sub-area 101 (CBD area) is 50% higher than the case in Scenario 1. For both 
scenarios, the demand scale level is set from 2 to 20 with the increment of 2, T0 and 
Tmax are assumed to be constant values: T0=3 minutes and Tmax=10 minutes 
respectively.   
For the supply side, totally 1000 taxis are assumed to be running on the road 
network and 3 taxi operators are operating them, including one large operator plus two 
small operators. The market share of the large operator is assumed to be 60% of the 
entire market and the rest is equally shared by the two small operators. The customers’ 
preference to the large operator is assumed to be a constant value of 80% while the 
customers’ preference to each of the two small operators is 10% respectively.  
For the operator-level dispatching strategies, all the three operators are assumed to 
adopt the shortest travel time based centralized dispatching strategy, in which the taxi 
that can reach the customer within the shortest travel time will be dispatched to the 
customer. This is following the approach in Lee et al. (2003).   
For the market-level dispatching strategy, both the Non-Cooperative Dispatching 
Strategy (Non-Coop-DS) and the Cooperative Dispatching Strategy (Coop-DS) will be 
evaluated. In the Non-Coop-DS, each operator dispatches its taxis separately and has 
no interference with other operators; in the Coop-DS, the market-level dispatching 
center will dispatch taxis to the customer according to the market share of each 
operator, e.g., a customer booking has a probability of 60% for being assigned to a taxi 
from the large operator whose market share is 60%. In addition, the strategy without 
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any dispatching - namely the Free Dispatching Strategy (Free-DS) will also be modeled 
and evaluated for the comparison purpose.   
Other parameters of the simulation are set as in the following: The simulation 
duration is set to 2 hours, the warm up time is set to 10 minutes and the minimum 
simulation repetitions for each simulation setting is set to 12. A summary of the 
simulation parameters for both Scenario 1 and Scenario 2 are shown in Table 3.5. 
 
Table 3.5: Parameters for both simulation scenarios 
Groups Parameters 
Values 
Scenario 1 Scenario 2 
Demand side 
Baseline O/D matrix Table 3.3 Table 3.4 
Demand scale level 1 to 15 (Increment = 2) 
T0 3 mins 
Tmax 10 mins 
Supply side 
(market structure) 
Total taxi number 1000 
Number of taxi operators 3 (1 Large + 2 Small) 
Operator market shares 60% : 20% : 20% 
Customers’ preferences 80% : 10% : 10% 
Operator-level  
dispatching strategies 
Strategy for each operator 
Centralized dispatching with   
“shortest travel time” algorithm 
Market-level  
dispatching strategies 
Strategy 1 (benchmark) No dispatching (Free) 
Strategy 2 Cooperative (Coop) 
Strategy 3 Non-Cooperative (Non-Coop) 
System parameters 
Simulation duration 2 hrs 
Warm up time 10 mins 
Minimum repetitions 12 
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3.5.1 Simulation results 
The simulation results - the plots of the taxi service PIs (OR, CWT, no. of UBKs and 
BR) in different market-level dispatching strategies (Free-DS, Non-Coop-DS and 
Coop-DS), different demand scale levels (1 to 15 with the increment of 2) and different 
demand scenarios (Scenario 1 and Scenario 2) are shown in Figure 3.10 and Figure 
3.11. The relative or exact values of those PIs are also tabulated in Table 3.6 and Table 
3.7.  
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Table 3.6: The evaluation of dispatching strategies for Scenario 1 
DSL 
OR (% improved than Free-DS) CWT (% reduced than Free-DS) No. of UBKs (no. reduced than Free-DS) BR (exact value) 
Non-Coop Coop Diff. Non-Coop Coop Diff. Non-Coop Coop Diff. Non-Coop Coop Diff. 
1 4.0% -0.7% -4.7% 17.9% 14.2% -3.7% 29  30  0  12.3% 13.1% 0.8% 
3 1.8% 2.5% 0.7% 22.7% 23.0% 0.3% 129  129  0  15.3% 14.9% -0.4% 
5 2.1% 0.0% -2.1% 25.1% 24.0% -1.0% 244  244  0  19.5% 18.9% -0.5% 
7 2.4% 1.0% -1.4% 33.8% 33.5% -0.4% 454  457  2  23.0% 23.4% 0.4% 
9 4.4% 5.3% 0.9% 27.6% 32.0% 4.4% 829  932  103  20.0% 24.4% 4.4% 
11 2.8% 4.2% 1.3% 7.8% 10.7% 2.8% 800  1046  246  10.4% 12.7% 2.4% 
13 1.7% 2.2% 0.6% 3.0% 4.1% 1.0% 711  926  215  6.8% 8.1% 1.3% 
15 1.1% 1.4% 0.3% 1.4% 1.9% 0.5% 656  823  167  5.0% 5.9% 1.0% 
Notes: DSL=Demand Scale Level, Diff. = value of Coop minus value of Non-Coop 
Table 3.7: The evaluation of dispatching strategies for Scenario 2 
DSL 
OR (% improved than Free-DS) CWT (% reduced than Free-DS) No. of UBKs (no. reduced than Free-DS) BR (exact value) 
Non-Coop Coop Diff. Non-Coop Coop Diff. Non-Coop Coop Diff. Non-Coop Coop Diff. 
1 5.7% 4.8% -0.9% 37.1% 38.4% 1.3% 151 151 0 20.0% 17.8% -2.1% 
3 7.8% 8.7% 0.9% 36.8% 36.1% -0.7% 473 473 1 20.9% 21.3% 0.4% 
5 8.5% 10.3% 1.8% 36.5% 35.0% -1.4% 846 845 -1 24.1% 24.1% 0.1% 
7 7.5% 10.5% 3.0% 31.5% 34.1% 2.6% 1141 1308 167 24.8% 27.6% 2.9% 
9 5.3% 7.5% 2.2% 24.2% 25.7% 1.5% 864 1137 273 19.8% 23.8% 4.0% 
11 4.6% 4.9% 0.3% 14.4% 18.1% 3.7% 767 874 107 12.0% 14.5% 2.4% 
13 1.2% 1.5% 0.4% 4.8% 5.6% 0.8% 723 777 54 6.1% 7.0% 1.0% 
15 0.2% 0.3% 0.1% 1.9% 2.4% 0.6% 523 680 157 3.9% 4.8% 0.9% 
Notes: DSL=Demand Scale Level, Diff. = value of Coop minus value of Non-Coop 





3.5.2.1 The effectiveness of the proposed TSM 
Figure 3.10 and Figure 3.11 demonstrate that the proposed TSM is capable to depict 
the trend of the taxi service performance (in terms of the 4 PIs introduced in Section 
3.4.3) when the demand scale level varies. For example, when the demand scale level 
increases, the OR will increase, the CWT will decrease, the number of UBKs will 
increase, which are in line with the trends of those PIs in the real world scenarios.     
For the 4
th
 PI - BR, Figure 3.10 and Figure 3.11 show that it will increase first and 
then decrease when the demand scale level increases. This trend of observation is 
caused by the consideration of NBTS in the simulation model: when the demand scale 
level is low, there will be more vacant taxis running on the road network, so that 
customers do not need to book for taxis, and the BR will become low; while the 
demand scale level increases, the supply of the NBTS becomes insufficient since more 
taxis will be in boarded or on-call state, so that customers will start to book for taxis 
and the BR will increase; when the demand scale level increases, there will be fewer 
vacant taxis on the road network and customers will have difficulties in getting their 
bookings confirmed, and the BR will decrease.  
 
3.5.2.2 The effect of dispatching Strategy to the taxi service performance 
As shown in Figure 3.10, Figure 3.11, Table 3.6 and Table 3.7, the dispatching 
strategies (Non-Coop-DS and Coop-DS) can improve the taxi service performance of 
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the entire market in both Scenarios 1 and 2, when comparing with the strategy without 
dispatching (Free-DS). For example:  
 The dispatching strategies can improve the OR of the entire market up to 5.3% 
(when demand scale level = 9) and 10.5% (when demand scale level = 7) in 
Scenarios 1 and 2, respectively;  
 The dispatching strategies can reduce the CWT of the entire market as much 
as 33.8% (when demand scale level = 7) and 38.4% (when demand scale level 
=1) in Scenarios 1 and 2, respectively;  
 The dispatching strategies can reduce the number of UBKs of the entire 
market as much as 1046 (when demand scale level = 11) and 1308 (when 
demand scale level = 7) in Scenarios 1 and 2, respectively;   
From the examples mentioned above, it can be also observed that the dispatching 
strategies can benefit the customer side (in terms of the CWT) more than the taxi side 
(in terms of the OR), and the dispatching strategies are significantly more effective in 
Scenario 2 than in Scenario 1.  
However, as shown in Figure 3.10, Figure 3.11, Table 3.6 and Table 3.7, the the 
difference between the two dispatching strategies (Non-Coop-DS and Coop-DS) in 
improving the taxi service performance of the entire market is insignificant, and the 
Coop-DS is slightly better than Non-Coop-DS.    
 The BR is only for the comparison between dispatching strategies, which can also 
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indirectly reflect the effect of the dispatching strategies to the taxi service market. As 
shown in Figure 3.10 (d) and Figure 3.11 (d), when the demand scale level varies from 
1 to 15, the BRs of the dispatching strategies (Coop-DS and Non-Coop-DS) increase at 
the beginning, after reaching the highest value at 24.4% (when demand scale level = 9) 
and 27.6% (when demand scale level = 9) in Scenarios 1 and 2 respectively, then begin 
to decrease. In addition, the difference of BR between the two dispatching strategies 
(Coop-DS and Non-Coop-DS) is significant (Coop-DS is better). For example, the 
differences of BR between the Coop-DS and the Non-Coop-DS are as much as 4.4%, 
and 4.0% in Scenarios 1 and 2, respectively. 
 
3.5.2.3 Conclusions 
The conclusions for the capability of the proposed TSM are listed in the following: 
 Able to depict the trend of the taxi service performance when the demand 
scale level varies in different customer demand scenarios;   
 Able to evaluate the effects of the dispatching strategies to the taxi service 
performance of the entire market;  
 Able to compare between different dispatching strategies, e.g., compare the 
difference between two dispatching strategies (Non-Coop-DS and Coop-DS) 
as shown in Table 3.8;  
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Table 3.8: The comparison between Non-Coop-DS and Coop-DS. 
Performance Indicators 
(PIs) 
Non-Coop-DS vs. Coop-DS 
Scenario 1 Scenario 2 
OR & CWT Coop-DS is slightly better 
No. of UBK Coop-DS is slightly better 




This chapter proposed a new micro-simulation based TSM which aims to evaluate the 
taxi dispatching strategies more properly. In the proposed TSM, the dynamic behaviors 
of taxis and customers, the competitive taxi market and the dispatching strategies in 
both operator-level and market-level are modeled. A simulation example has been 
presented in this chapter to demonstrate that the proposed TSM is able to depict the 
trend of the taxi service performance in different customer demand scenarios, and to 
evaluate and compare different dispatching strategies properly. The proposed TSM 
may become a promising decision making tool to provide persuasive support to 
decision makers in taxi dispatching related policies. 
  




Chapter 4 An Improved Dispatching Strategy for the CBK 
 
An Improved Dispatching Strategy for the 
Current Booking Taxi Service Considering 
Booking Cancellation 
 
4.1 Background  
One of the issues for the current Booking Taxi Service (BTS) highlighted in Chapter 1 
is that the customer may not have strong wills to take the taxi by booking. For example, 
in Singapore, the largest taxi operator ComfortDelGro has received an average of 
around 65,000 booking calls daily in the year of 2010; however, it only accounts for 
about 17% of the total daily trips made by its taxi fleet (ComfortDelGro, 2011). In 
Beijing, the taxi booking rate is even lower as compared with the case in Singapore 
(BeijingTaxiDispachingCenter, 2010).  
Many factors may contribute to the low utilization of the current dispatching 
system. One is the economic reason: for example, when booking for normal taxis from 
Singapore’s largest taxi operator ComfortDelGro, the surcharge is as much as $3.30 for 
a current booking and $8.00 for advance booking (2012); it accounts for a considerable 
portion of the total taxi fare. The second reason is the imbalance of taxi supply 
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between different geographical areas (Xinhuanet, 2006): in some areas, the supply is 
much higher than the demand, so that it is not necessary to book a taxi; however, in 
other areas, especially the rural areas where taxis rarely appear, booking a taxi is 
difficult. The third reason, which is reported as an important one, is due to the problem 
of booking cancellation (Xinhuanet, 2006) including two scenarios:  
 A customer has been waiting for a taxi for a long time after the booking 
confirmation, so that he/she decides not to wait at the taxi stand any longer;  
 A customer takes another taxi before the booked taxi arrives.  
In these scenarios, customers may not have strong wills to book taxis, since they 
have to bear longer waiting time at taxi stands or they can choose to hail a taxi easily. 
Meanwhile, taxi drivers may also be reluctant to use the current dispatching system: 
unexpected booking cancellations may increase their operational costs and reduce their 
chances for serving other customers hailing on the street. 
To solve the issue of booking cancellation, this chapter proposes a new dispatching 
strategy namely the Multi-Agent based Dispatching Strategy considering Booking 
Cancellations (MA-DS-BC), which is an improved version of the Multi-Agent based 
Dispatching Strategy (MA-DS) proposed by Seow et al. (2010). The reasons for using 
the problem formulation framework from Seow et al. (2010) are:  
 The booking cancellation problem to be solved in this chapter needs 
collaborations of a group of taxis rather than an individual one. By comparing 
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the two types of existing dispatching strategies in the literature, namely 
centralized (as introduced in Section 2.2.1) and non-centralized (with taxi 
agents installed, as introduced in Section 2.2.2) dispatching strategies, the 
latter one is more suitable to be adopted as the framework to solve the targeted 
problem due to its negotiation ability between taxi agents and comparatively 
lower cost (no need to equip an super powerful dispatching center);  
 The problem formulation framework proposed by Seow et al. (2010) is one of 
the advanced non-centralized dispatching frameworks for solving agent-based 
taxi dispatching problems among the studies in recent literature; 
 The decentralized dispatching strategy (as introduced in Section 3.3.3.1 and 
applied to the problem in Chapter 6) has even lower cost (no dispatching 
center is equipped); however, it is not suitable for solving the booking 
cancelation problem because this strategy does not need the customer to 
confirm to any taxi so that there is also no need to make any booking 
cancelation. 
The micro-simulation based Taxi Service Model (TSM) introduced in Chapter 3 
will be employed as the modeling and evaluation tool for the proposed dispatching 
strategy, in which the Non-Booking Taxi Service (NBTS) is firstly modeled for 
evaluating this type of dispatching strategies.  
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4.2 General Description of the Proposed MA-DS-BC  
 
4.2.1 System architecture 
A non-centralized (or partially decentralized) system architecture based on the 
architecture proposed by Seow et al. (2010) is shown in Figure 4.1. Same as the current 
dispatching system (introduced in Section 1.2.1, Chapter 1), a customer can book the 
taxi service through the dispatching center by phone or mobile devices; however, for 
the taxi side, except for touchscreen, GPS and wireless communication devices, the 
taxi agent (an active software entity) is also installed in the In-vehicle Unit (IU) of the 
taxi. The taxi agent can make independent decisions on behalf of the taxi driver to 
collaborate with other taxi agents and communicate with the dispatching center using 
the wireless communication device. 
Within this architecture, the road network is partitioned into N logical areas, and 
known to the taxi agents and the dispatching center. At the dispatching center, the 
customer bookings and the operational states of taxis in the same logical area are 
stored in the Booking Queues (BQs) and Taxi Pools (TPs) of respective logical areas. 
Each logical area and corresponding BQ and TP are denoted as LAi, BQi and TPi, 
where 1≤ i ≤ N. 




(a) The interactions (communications) between customers, taxis and the dispatching center 
 
 
(b) The data structures within the dispatching center 
 
Figure 4.1: The non-centralized dispatching system architecture 
 
4.2.2 Dispatching operations 
The swim-lane diagram of the proposed non-centralized dispatching strategy is shown 
in Figure 4.2. The detailed operation procedures are described in Section 4.2.2.1 and 




Communication via wireless network







Note: BQ=Booking Queue; TP = Taxi Pool
The Dispatching Center




Figure 4.2: Swim-lane diagram of the proposed non-centralized dispatching strategy 
 
4.2.2.1 Operations of the taxi agent 
The taxi agent installed in the IU of each taxi will perform the following operational 
tasks during the operating period: 
 Notify the dispatching center once the current operational state of the taxi has 
changed or the taxi has entered into a new logical area. Except for the five 
operational states defined in Section 3.3.1 of Chapter 3, one more operational 
state – the negotiation state is also defined to indicate that the taxi agent is 
currently negotiating with other taxi agents. The notification should be in the 
following format: {taxi ID, current logical area ID, current operational state};  
 Participate in the Collaborative Booking Assignment Process (CBAP) on 
Customer Dispatching Center (DC) Taxi driverTaxi Agent (installed in IU)
Call
In
Receive bookings and 
insert them into the 
customer booking queue 
of each logical area 
Distribute Ng bookings to Ng taxi agents for each logical 
area
Notify the dispatching center 
once the current operational 
state of the taxi has changed or 
the taxi has entered into a new 
logical area
Update  taxis’ info. to 




Receives a booking request 
package containing a group of 
bookings and a group of the 
ad-hoc taxi agents
Participate in the  CBAP
between those taxi agents on 
behalf of its human driver 
Show assigned booking info. 
on the touchscreen of IU
Send assignment results 
and driver’s response 
(accept) to DC
Mediate for taxi agents’ assignment 
results and driver’s response
System update
Accept or  reject the 
assigned booking by 
selecting the options 





Info the customer by 




Compensate bookings by placing 
them at the front of the respective 
booking queue; attach the “one-
time-stop” tags to corresponding 
taxi agents in the taxi pool
Receive “no available 
taxi” info.
Inform the customer 
to call/book later
No
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behalf of its human driver when it receives a booking request package from 
the dispatching center which contains a group of bookings and a group of the 
ad-hoc taxi agents. Then inform the dispatch center result upon the completion 
of the CBAP. The details of the CBAP will be introduced in Section 4.3.   
 
4.2.2.2 Operations of the dispatching center 
A series of dispatching operations are performed by the dispatching center cyclically in 
the system:  
Step 1:  Distribute yet-to-be-assigned bookings in BQi to taxis in TPi, 1≤ i ≤ N; 
Denote TPi
*
 as the set of available taxis (i.e., taxis with free state) in TPi so 
that TPi
*⊂TPi. For all i = 1,…, N, if BQi = ∅ or TPi
*
= ∅, then go to Step 2; 
otherwise, for the logic area LAi where BQi ≠ ∅ and TPi
*≠ ∅, i ∈{1, 2…, N}, 
take out a group of Ng bookings in the front of BQi and a group of Ng taxis 
randomly in TPi
*
 to form a booking request package, and then send it to taxi 





|); moreover, the candidate taxis with the 
“one-time-stop” tags will not be considered in this time, and the tags will be 
then removed permanently. Once the Ng taxi agents receive the booking 
request package, they will start a new CBAP;    
Step 2:  System update and await the result from the CBAP; 
Perform the Update-BQs-TPs process repeatedly, until the receipt of the 
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CBAP result of a taxi agent group, then go to Step 3. If there are no more 
pending CBAPs after the completion of one round of the Update-BQs-TPs 
process, then go to Step 1. The CBAP result is a collection of data with the 
following format: 
{(BKj, D(BKj), DDj) |1≤ j ≤Ng}                   (4.1) 
where BKj is the j
th
 booking in the booking request package sent to this taxi 
agent group, D(BKj) is the taxi that BKj is assigned to, and DDj is the human 
driver’s decision (accept or reject the assignment result) of the taxi D(BKj);  
Step 3:  Process the result of the CBAP;  
Upon the receipt of a CBAP result, for the bookings already accepted by the 
human drivers, the dispatching center will send the confirmation messages to 
the corresponding customers; for the bookings rejected by the human drivers, 
the dispatching center will compensate them by placing them at the front of 
the respective BQs. For the taxis whose human drivers have rejected the 
booking assignment result, the dispatching center will attach the 
“one-time-stop” tags onto the corresponding taxis in respective TPs for 
penalty purpose. Then go to Step 2. 
 
The Update-BQs-TPs process is defined as follows:  
 Update the operational states of taxis in TPi, 1≤ i ≤ N, if notifications from 
taxis regarding the changing of current operational state or the changing of 
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current logical area are received and pending to be processed;  
 Update the yet-to-be-assigned bookings in BQi, 1≤ i ≤ N, if new bookings are 
received in respective logical areas and pending to be processed.  
 
4.3 The Collaborative Booking Assignment Process (CBAP) 
As mentioned in 4.2.2.1, a group of taxi agents will perform the CBAP upon the 
receipt of a group of booking requests (or the booking request package) from the 
dispatching center. The CBAP is a process to decide the booking assignment among a 
group of taxi agents so as to achieve a global objective. The formulation of the CBAP 
is introduced in this section, which is based on the Collaborative Linear Assignment 
Problem (CLAP) proposed by Seow and Sim (2006), and with the improvement by 
considering the booking cancellation issue mentioned in Section 4.1.    
 
4.3.1 Problem formulation for the CBAP 
4.3.1.1 The objective function 
Assume at time t, a booking request package including Ng customer bookings and Ng 
taxis is sent to the taxi agents of those Ng taxis, and then a new CBAP is started. The 
Ng customer bookings can be denoted as  1,  , gNCB cb cb  while the Ng taxi agents 
can be denoted as  1,  , gNTA ta ta  . The taxi agent ta∈TA can select one booking cb
∈CB, and offer the booking an utility value denoted by U(ta, cb). The objective of the 
CBAP is to maximize the global utility function Ug(TA, CB).  
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Definition 4.1 the global utility function: The global utility function Ug(TA, CB) can 
be defined as the summation of the utility value that each taxi agent can offer to its 
selected booking: 
1





Max U TA CB U ta cb
 
  , where ita TA  and icb CB   
 (cb
i
 is the selected booking of tai)                 (4.2) 
 
The following factors will be considered when calculating U(ta, cb): 
 The customer who has made a booking cb∈CB may have a Maximum 
Customer Waiting Time (MCWT) denoted as MCWTcb for waiting after the 
booking is made;  
 At time t, the customer who has made the booking cb∈CB has waited for a 
time t – tcb,0, where tcb,0 is the customer’s booking time at the waiting location; 
 The travel time between the current location of a taxi agent ta∈TA and the 
customer who has made the booking cb∈CB is denoted by TT(ta, cb, t);  
 The customer who has made the booking cb∈CB may have an Anticipated 
Waiting Time (AWT) for the arrival of next taxi at the waiting location, which 
is denoted as AWTcb;  
Then, the utility function U(ta, cb) can be defined by Equation (4.3): 
           Let: ,0( ) ( , , )cb cbt MCWT t t TT ta cb t     , then:    
,0( ) ( , , ) , 0
( , )
, 0
cb cb cbMCWT t t TT ta cb t AWT if t
U ta cb
if t
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where ta∈TA and cb∈CB               
 
     (4.3) 
 
4.3.1.2 The Belief-Desire-Intention (BDI) process 
One important procedure in CBAP is the BDI process (2006). Definitions 4.2 to 4.4 
have provided the conceptual basis for this process:   
Definition 4.2 Belief of taxi agent: if the booking assignment to the taxi agent tai∈
TA is cb
i∈CB, then the belief of tai can be denoted as Bi, which is a set of bookings 
satisfying: 
{ | ( , ) ( , )}ii i iB cb CB U ta cb U ta cb                    (4.4) 
Definition 4.3 Desire of taxi agent: if the booking assignment to taxi agent tai∈TA 
is cb
i∈CB, and the belief of tai is Bi, Bi ≠ ∅. Another taxi agent taj whose booking 
assignment is cb
j∈CB is said to accept Bi if cb
j∈Bi. The desire of taxi agent tai can be 
denoted as Di which is a set of booking exchange options that: 
[( , ), ( , ), ]j ii j ita cb ta cb D  , if 0                     
Where ( , ) ( , ) ( , ) ( , )
j i i j
i j i jU ta cb U ta cb U ta cb U ta cb             (4.5) 
Definition 4.4 Intention of taxi agent: if the desire of taxi agent tai is Di, Di ≠ ∅, 
then the intentions of tai can be denoted as Ii: 
   
 [( , ), ( , ), ( )]
j i
i i j i iI ta cb ta cb I D  ,         
Where  ( ) max{ ' | [ , , '] }i iI D                      (4.6) 
Based on Definitions 4.2 to 4.4, each taxi agent tai∈TA will get its intention Ii by 
performing the BDI process together with other taxi agents. When a BDI process is 
started, each tai∈TA has already selected a customer booking cb
j∈CB and then 
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performs the following tasks:     
 Generate its beliefs Bi. If Bi ≠∅, tai broadcasts its beliefs Bi and current 
selection cb
i∈CB to all other taxi agents in TA; otherwise, set Ii = nil, where 
nil = [-,-,0];  
 Receive the beliefs Bj and the current selection cb
j 
of another taxi agent taj∈
TA. If cb
i∈Bj (i.e., tai accepts Bj), respond to taj with a pair of utility values 
U(tai, cb
i
) and U(tai, cb
j
);  
 Receive a response from another taxi agent taj∈TA, which is a pair of utility 
values U(taj, cb
j
) and U(taj, cb
i
), then calculate ρ according to Definition 4.3. 




), ρ] to Di. If the response is the |Bi|
th 
response that tai has received and Di≠∅, calculate its intention Ii according to 
Definition 4.4; otherwise if Di = ∅, set Ii = nil; 
The BDI process will end once every taxi agents has obtained its intention (the 
intention could be with a nil value as well). 
 
4.3.2 The multi-agent based solution process for CBAP 
 
4.3.2.1 The initialization phase of the CBAP  
Once a taxi agent receives (from the dispatching center) a booking request package 
including Ng customer bookings denoted as  1,  , gNCB cb cb  and Ng taxis whose 
taxi agents are denoted as  1,  , gNTA ta ta  , then the taxi agent will initialize a new 
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round of CBAP together with the other (Ng - 1) taxi agents. During this initialization 
phase, each taxi agent ta∈TA will reset a system variable - the negotiation round k , 
i.e., let k = 0, and then be ready for the local negotiation phase.  
 
4.3.2.2 The local negotiation phase of the CBAP  
The local negotiation phase consists of a number of negotiation rounds (i.e., k = 
0,1,2,3,…) among all taxi agents in TA. Suppose that at an arbitrary negotiation round k, 
the taxi agent tai∈TA completes a number of tasks before going to the (k+1)
th
 
negotiation round or exiting the entire CBAP.  
Two cases are considered in this phase: case 1 is for the mediation agent who will 
perform the global mediation for other agents; case 2 is for other agents who will 
follow the instructions from the mediation agent. In each negotiation round k, the only 
mediation agent will be appointed as follows: if the index of the taxi agent tai∈TA 
satisfies i = MA (k), then tai will be the mediation agent (For simplification, the 
function MA (k) is defined as MA (k) = k ). 
 
Case 1: For tai∈TA, if i = MA (k), then it will be the mediation agent and 
performing: 
 Instruct all ta∈TA to perform the BDI process (as described in 4.3.1.2);  
 Receive notifications from all ta∈TA after the BDI process is completed, i.e., 
all ta∈TA has obtained their intentions;  
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 Send its intention Ii as the initial mediated intention denoted as I* to the taxi 
agent tai’ , where i’=(i+1) mod Ng; 
 Wait until the receipt of the I* from tai’’, where i’’=(Ng + i -1) mod Ng;  
Scenario 1: If I* = nil, then instruct all ta∈TA to get their human drivers’ 
decisions (accept or reject the booking assignment). Upon the receipt 
of all human drivers’ decisions, send the CBAP result (as introduced 
in the Step 2 of Section 4.2.2.2) to the dispatching center;  
Scenario 2: If I* ≠ nil, then instruct the two taxi agents indicated by I* to 
exchange their selected bookings. Upon the receipt of the 
notifications from those two taxi agents that the exchange is 
completed, instruct all ta∈TA to update with the latest booking 
assignment results, and enter the next negotiation round k+1.  
 
Case 2: For tai∈TA and i ≠ MA (k), it performs: 
 Receives the “perform BDI process” instruction from the mediation agent. 
Once tai has obtained its intention Ii, then inform the mediation agent;  
 Receive the mediated intention I* from tai’’ where i’’=( Ng + i -1) mod Ng. 
Then compare it with its intention Ii and select one of them as the new I*, i.e., 
if ρ(Ii)> ρ(I*), then let I*= Ii, and send the new I* to tai’ where i’=(i +1) mod 
Ng. The value ρ(.) is defined in Equation (4.5);  
 Exchange its selected booking with another taxi agent in I*, if instructed by 
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the mediation agent. After the completion of the exchange, then inform the 
mediation agent;  
 Receive the “enter to the next negotiation round” instruction from the 
mediation agent, then update with the latest booking assignment results and let 
k=k+1;  
 Receive the “get human driver’s decision” instruction from the mediation 
agent, then show the final booking assignment to the human driver and ask for 
the driver’s decision (accept or reject). Upon the receipt of the human driver’s 
decision, send the decision to the mediation agent and exit the current CBAP.  
 
4.4 Simulation Experiments  
 
4.4.1 The simulation model 
The district-level simulation model (descripted in Section 3.3.4.2 of Chapter 3) is 
chosen as the simulation test bed for the proposed dispatching strategy, which is also 
shown in Figure 4.2. For simplification but without loss of generality, the road network 
in this simulation only has a single area, i.e., N = 1.  




Figure 4.3: The simulation model for the test of the proposed dispatching strategy 
 
In the simulation, the taxi operations are modeled by following the methodology 
presented in Section 3.3.1 of Chapter 3 (with considering only one taxi operator); 
however, the customer behaviors are modeled by modifying the methodology 
presented in Section 3.3.2 of Chapter 3 with several modifications to the simulation 
process (5) and (6), which aims to model the two scenarios of the booking cancellation 
descripted in Section 4.1. The modifications are shown as following: 
(5) When a taxi in free state is arriving at the taxi stand, it will check the CWQ 
whether there are any objects representing the customers queuing at the taxi 
stand. If the CWQ is not empty, the taxi will take the customer who is queuing 
at the very front of the CWQ, and the object representing the customer will also 
be deleted from the CWQ. In this step, the simulation model will also check 
whether the customer the taxi is about to take has placed a booking request in 
A taxi stand within 
the study area
A taxi stand outside
the study area
The boundary of
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BQ/CBQ or not. If the customer has previously placed a booking request and 
the request is currently in CBQ (confirmed by another taxi), the customer will 
immediately send a “cancellation” message to the dispatching center; 
(6) If the object representing the customer has been existed in the CWQ for more 
than a certain period of time Tmax, the object will be deleted from the CWQ, 
and:  
Case 1: If the customer has placed a booking request which is currently in BQ 
but not in CBQ, the booking request will be deleted from the BQ and 
considered as an unsuccessful booking;  
Case 2: If the customer has placed a booking request which is currently in 
CBQ, the booking request will be deleted from the CBQ and 
regarded as a booking cancellation, and then the customer will 
immediately send a “cancellation” message to the dispatching center.   
 
4.4.2 Pseudo code for the simulation of CBAP 
The pseudo code for the simulation process of the CBAP which is the core process of 
MA-DS-BC, is shown in Table 4.1. 
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Table 4.1: The pseudo code for the simulation process of the CBAP 
Input:  Set of taxi agents TA and set of customer bookings CB, where |TA|=|CB|=Ng 
Output: CB allocated to TA 
1 Phase 1: Initialization 
2 For Each taxi agent tai∈TA 




5 Phase 2: Taxi agent negotiation 
6 For i = 1 to Ng 
7 Perform the BDI process for TA (as described in 4.3.1.2) 
8 Set I* = Ii , where I* is the mediation intention, and Ii is the intention of taxi agent tai 
9 For j = 1 to Ng - 1 
10     Let i’ = (i + j) mod Ng  
11     If I* = nil And Ii’ ≠ nil Then 
12         Set I* = Ii’ 
13     Else If I* ≠ nil And Ii’ ≠ nil Then 
14         If ρ(Ii’)> ρ(I*), Then  
15              Set I* = Ii’ 
16         End If 
17     End If 
18 Loop 
19 If I* = nil Then 
20     Go To Phase 3 
21 Else 
22     Let the two taxi agents indicated in I* to exchange their selected bookings  
23 End If 
24 Loop 
  
25 Phase 3: Finalization 
26 For Each taxi agent tai∈TA 
27 tai gets the human driver’s decision (randomly generates “accept” or “reject”) 
28 Loop 
29   Notify the CBAP result to the dispatching center 
 
4.4.3 Input data and parameters 
A total of 250 taxis are simulated by the simulation model introduced in 4.4.1. A series 
of simulation experiments are conducted for 9 demand scale levels, in which the 
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baseline customer OD matrix are shown in Table 4.2 (the OD sub-areas in Table 4.2 
can be identified in Figure 4.3). The customer OD matrices corresponding to the 9 
demand scale levels could be generated by following the procedure described in 
Section 3.4.2.1 of Chapter 3. The customers generated inside the study area is assumed 
to be 50% more than those generated outside the study area. The purpose of doing this 
is to mimic the peak of customer demand of a specific area during a specific period of 
time, e.g., the Central Business District (CBD) during the peak-hour.  
 
Table 4.2: The customer OD matrix (customers/hr) 
O\D Study area East  West  North  South  
Study area  0 150 150 150 150 
East 100 0 100 100 100 
West  100 100 0 100 100 
North  100 100 100 0 100 
South 100 100 100 100 0 
Note: O = Origin sub-areas; D = Destination sub-areas;  
 
The MCWTcb in Equation 4.3 is set to 7 minutes. The AWTcb in Equation 4.3 is 
provided by the sensors at the taxi stand ts∈TS where the customer made the booking 
cb∈CB and gathered by the dispatching center in real-time. The calculation process is 







                           (4.7) 
Where tlast is the time when last taxi arrived at the taxi stand; tNp is the total time 
passed for the arrival of the last Np taxis to the taxi stand, where Np is a system 
parameter and set to 10; and t is the current system time when calculating the AWTcb.  
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The customer’s start-to-book time T0 is set to 3 minutes, the maximum time Tmax 
the customer can wait at the taxi stand is set to 10 minutes. The group number Ng in the 
CBAP is set to 5. The total simulation period is 2 hours plus 30 minutes warm-up time. 
Other parameters of the simulation model are set based on the field observation and 
survey.  
The proposed dispatching strategy MA-DS-BC is modeled and compared with the 
dispatching strategy MA-DS proposed by Seow et al (2010), and the strategy without 
any dispatching scheme (denoted as Free-DS) is also modeled as the benchmark. All 
dispatching strategies are evaluated in terms of the OR and CWT. In addition, the 
number of booking cancellations is also recorded for each simulation scenario.  
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4.4.4 Simulation results 
Table 4.3: The simulation results 
DSL 























1 18% 41  74  18% 36  64  0  18% 36  66  1  
2 35% 132  281  36% 59  118  1  35% 61  117  2  
3 46% 282  635  52% 89  176  0  53% 86  172  0  
4 57% 284  662  70% 117  233  3  69% 114  228  1  
5 67% 297  665  77% 280  605  731  77% 256  548  34  
6 76% 318  663  81% 316  644  1233  80% 305  589  51  
7 84% 413  656  85% 427  656  536  85% 420  651  21  
8 86% 550  651  87% 569  650  301  86% 564  653  14  
9 86% 628  649  86% 622  650  298  87% 628  647  1  
Notes: DSL=Demand Scale Level; OR=Occupancy Rate; CWT-1=Customer Waiting Time of all taxi 
























































































From Figure 4.4, Figure 4.5 and Figure 4.6 we can find that: for the OR and the CWT, 
both dispatching strategies can improve the OR and reduce the CWT compared with 
the strategy without any dispatching scheme (Free-DS). However, there is only a little 
difference between the two dispatching strategies (MA-DS-BC is slightly better than 
MA-DC in terms of reducing the CWT). This is because both dispatching strategies 
have employed the multi-agent based system architecture which provides both of them 
similar dispatching efficiency.  
In Figure 4.7, the simulation result of the MA-DS has depicted the trends of BCs 
when the demand scale level varies:  
 When the demand is in the lower levels (demand scale level < 4), the number 
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queuing at the taxi stand and it is not necessary for most of the customers to 
make the booking calls; 
 When the demand is in the middle levels (demand scale level > 4 but <7), the 
number of BCs is large. This is because in such cases, the number of 
confirmed bookings is larger, but most of them are cancelled due to both 
scenarios mentioned in Section 4.1; 
 When the demand is in the higher levels (demand scale level > 7), the number 
of BCs drops. This is because most of the taxis are busy in operation and the 
total number of confirmed bookings is small.  
Figure 4.7 also shows that the number of BCs in the MA-DS-BC is considerably 
lower than that of the MA-DS. This is due to the reason that the possibilities of 
booking cancellations are already considered by the dispatching strategy in 
MA-DS-BC, so that the risk of booking cancellation can be reduced at the beginning 
stage of the dispatching process. 
 
4.5 Summary 
The objective of this chapter is to solve the problem of booking cancellation in the 
current taxi service. An improved multi-agent based dispatching strategy for the BTS 
considering the booking cancelation namely the MA-DS-BC is proposed, which has 
considered three factors: 1) the travel time from a taxi to a customer, 2) the current 
waiting time of a customer and 3) the anticipated waiting time for the next arrival taxi 
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at taxi stand. The MA-DS-BC is tested and compared with the multi-agent based 
dispatching strategy or MA-DS proposed by Seow et al (2010). The simulation results 
show that the proposed MA-DS-BC can effectively reduce the number of booking 
cancellations compared with MA-DS, which might be a potential strategy to attract 
more customers booking taxis  




Chapter 5 An Integrated Dispatching Strategy considering CBK and ABK 
 
An Integrated Taxi Dispatching Strategy 
Considering both the Current Booking 
and the Advance Booking  
 
5.1 Background  
In the taxi dispatching system, two types of Booking Taxi Service (BTS) are 
commonly known, one is the Current Booking (CBK): the customer makes a booking 
call for a taxi that can reach him/her as early as possible; the other is the Advance 
Booking (ABK): the customer makes a booking call and indicates the pickup time 
which is normally in half an hour or later (Lee et al., 2004). As mentioned in Chapter 2, 
many research efforts have been put into the topic of taxi service in the literature; 
however, two aspects of the taxi dispatching system have not been considered in the 
previous research studies:  
Firstly, those research studies proposed dispatching strategies either for the CBK 
or the ABK respectively; however, they have not considered some practical problems 
triggered by handling them concurrently (e.g., the interference between the two types 
of booking), which is inadequate to be implemented in the real-world dispatching 
operations: on one hand, both the CBK and the ABK may become constraints for the 
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dispatching processes of each other, e.g., a taxi with an already confirmed ABK will 
not decide to accept a new CBK if the delivery of the new CBK may cause the delay of 
delivering the ABK; on the other hand, dealing only with the CBK or only with the 
ABK may under-estimate the overall operation performance, since the CBK and the 
ABK could be scheduled together to achieve better overall taxi service performance. 
Secondly, the dispatching strategies proposed in previous research studies have not 
considered the Non-Booking Taxi Service (NBTS), which is also inadequate to be 
implemented in the real-world dispatching operations. On one hand, same as the CBK, 
the NBTS may become the constraint of the dispatching process of the ABK; for 
example, a taxi with an already confirmed ABK will not pick up a customer waiting at 
a taxi stand or on the street if the delivery of the customer may cause the delay of 
delivering the ABK. On the other hand, the NBTS will directly affect the demand for 
BTS, for example, the customer will choose NBTS rather than BTS if the supply of 
NBTS is sufficient or the supply of BTS is insufficient, which may also indirectly 
affect the overall taxi service performance.  
To handle the aforementioned limitations in previous research studies, an 
improved dispatching strategy namely the Advance Booking Chain Dispatching 
Strategy (ABC-DS) is proposed in this chapter, which has extended the works of Lee et 
al. (2004) by considering both the ABK and CBK, as well as the NBTS; moreover, 
another dispatching strategy which is similar to the one of the real-world, namely the 
Separate Dispatching Strategy (Sep-DS) is also developed for comparison purpose. 
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The micro-simulation based Taxi Service Model (TSM) proposed in Chapter 3 will be 
adopted as the modeling and testing approach for the aforementioned two dispatching 
strategies, and their operational performances as well as the application ranges are also 
examined.   
 
 
5.2 The System Architecture of the ABC-DS 
 
5.2.1 General system architecture  
The system architecture of the proposed dispatching strategy is shown in Figure 5.1, 
which is a non-centralized (or partially decentralized) dispatching architecture. Same 
as the current dispatching system (introduced in Section 1.2 of Chapter 1), the 
customer can make the booking (CBK or ABK) for taxi service though the dispatching 
center either by phones or mobile devices. Within this architecture, the road network is 
assumed to be partitioned into N logical areas, which is known by the taxis and the 
dispatching center. At the dispatching center, the customer bookings (CBKs and ABKs) 
and operational states of taxis in the same logical area are stored in the Booking 
Queues (BQs) and Taxi Pools (TPs) of respective logical areas. Each logical area and 
corresponding BQ and TP are denoted as LAi, BQi and TPi, where 1≤ i ≤ N. There is 
also a common TP which stores the operational states of all taxis. The entire 
dispatching process is controlled by a common Dispatching Controller (DC), and each 
logical area is also equipped with a designated DC denoted by DCi, for all 1≤ i ≤ N. 
The already assigned but yet-to-be-served ABKs will be stored in an Advance Booking 
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Local Planning Queue (ABK-LP-Q), which will also be controlled by the common DC.  
 
 




(b) The data structures within the dispatching center 
 





Communication via wireless network










Note: BQ = Booking Queue; TP = Taxi Pool
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5.2.2 The taxi agent 
For the taxi side, except the touchscreen, the GPS and the wireless communication 
devices, the taxi agent - an active software entity, is also installed in the In-vehicle Unit 
(IU) of the taxi, which is able to: 1) undertake computational tasks and make 
independent decisions on behalf of the taxi driver; and 2) communicate with the 
dispatching center and other taxi agents via the wireless communication device. 
Two data structures are designed for the taxi agent to facilitate the decision process 
of dealing with the bookings (CBK or ABK) received from the dispatching center:  
 Data structure 1: A pointer pointing to the CBK already confirmed by the taxi; 
the pointer will be set to nil if the taxi has no confirmed CBK;  
 Data structure 2: A pointer pointing to the Advance Booking Queue (ABK-Q) 
which is a collection of ABKs already confirmed by the taxi and assigned to it; 
the ABKs in the ABK-Q are sorted by the Desired Pickup Time (DPT) 
indicated by the corresponding customers. 
The taxi agent should ensure that the following four general operational rules are 
satisfied during the entire operating period of the taxi (also shown in Figure 5.2): 
(1) The pointer pointing to the CBK and the pointer pointing to the ABK-Q are 
attached to the taxi throughout the duration of operation;  
(2) If the taxi has at least one ABK in its ABK-Q, the taxi could confirm with a 
new CBK only when the delivery of the new CBK will not cause the delay of 
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delivering the existing ABKs in the ABK-Q; 
(3) If the taxi is currently serving a CBK (i.e., the taxi is in on-call state) or 
occupied with a customer, it could confirm with a new ABK only when the 
delivery of the currently serviced CBK will not cause the delay of delivering 
the new ABK and the delivery of the new ABK will not cause the delay of 
delivering the existing ABKs in the ABK-Q;  
(4) The taxi will check from time to time to ensure that when the current time is 
approaching the DPT of any ABK in the ABK-Q, the taxi could decide to 
assign the ABK (from the ABK-Q) to the CBK pointer and start to head to the 
pickup location of it. 
 




















(No confliction with 
the CBK and all ABKs)
(No confliction with all ABKs)
(When current time is approaching 




ABK:  Advance Booking
ABK-Q: Advance Booking Queue
DPT:  Desired Pickup Time
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5.2.3 The Advance Booking Chain (ABC) 
The proposed dispatching strategy ABC-DS enables each taxi agent to setup an 
Advance Booking Chain (ABC) based on its existing ABK-Q structure:  
Definition 5.1 Advance Booking Chain (ABC): denote the set of all taxi agents as 
 1,  , TNTA ta ta  where |TA|=NT, then the ABC of the taxi agent tai∈TA can be 
denoted as ABCi, which is a set of sequenced ABKs such that 
 1 ,  , i
i i
i NABC ABK ABK   where |ABCi|=Ni. Denote ABK
i
m as the m
th 
ABK in ABCi, 
,i mp
 , ,i mp
 , ,
DPT
i mt and ,
EDT
i mt are the pickup location, delivery location, Desired Pickup 
Time (DPT) and Estimated Delivery Time (EDT) of ABK
i
m. An ABC should satisfy the 
following rules: 
 All the pickup and delivery locations ,i mp
 and ,i mp
 (m=1,2,…Ni) should be 
visited by the taxi of tai;  
 ,i mp
 and ,i mp
 (m=1,2,…Ni) should be directly connected in the route traveled 
by tai, and ,i mp
 is visited before ,i mp
 ; 
 tai should arrive at any location ,i mp
 (m=1,2,…Ni) within the time interval
, ,[ , ]
DPT DPT
i m i mt t    where  is a pre-specified random error of ,
DPT
i mt . If the 
taxi of tai arrives at ,i mp
 earlier than ,
DPT
i mt  , it should wait until ,
DPT
i mt  ; 
 ABCi may be scheduled whenever a change of the ABKs in ABCi occurs, 
which is expected to achieve a better overall taxi service performance. 
When new booking requests come in or the ABK-LP-Q is not empty, the 
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dispatching operations of the proposed dispatching strategy should be carried out. Two 
dispatching operation phases are designed for the proposed strategy: one is the Initial 
Assignment Phase (IAP), and the other is the Local Planning Phase (LPP). Both of the 
two phases are introduced in detail in Section 5.3 and 5.4 respectively. 
 
5.3 Dispatching Operations (1) – the Initial Assignment Phase 
(IAP) 
The objective of the IAP is to quickly find a feasible location for a new booking 
request and also to shorten the response time to the customer who has made the 
booking. In this section, the core process of the IAP, namely the Cost Computation 
Process (CCP) will be introduced; it is performed by the taxi agent upon the receipt of 
a broadcasted booking request from the dispatching center for the initial assignment 
purpose. Then, the general dispatching operations for both the dispatching center and 
the taxi agent will be introduced.  
 
5.3.1 Cost Computation Process (CCP) 
The taxi agent will perform the CCP upon the receipt of a booking request from the 
dispatching center. The CCP is a process to decide whether the booking could be 
assigned to the taxi, and what is the cost of the taxi for taking it. The formulation of the 
CCP is introduced in this section, which considers both scenarios for the CBK and 
ABK.    
Chapter 5. An Integrated Dispatching Strategy Considering both CBK and ABK 
100 
 
5.3.1.1 The general description of CCP 
Assume at time t, once a taxi agent tai∈TA receives a new booking request 
broadcasted from the dispatching center, it will start a new round of CCP immediately. 
The purpose to perform the CCP is to calculate the cost of tai for taking the new 
booking, and then send the cost value (if any) back to the dispatching center.   
 
5.3.1.2 Handling the CBK 
Denote CBK* as the CBK that a taxi agent tai∈TA just receives from the dispatching 
center. CBK* should indicate the pickup location *CBKp

and the delivery location *CBKp

of the customer. The cost of tai for taking CBK* is denoted as c(tai, CBK*), which is 
calculated by tai for either of the following two cases:  
Case 1: If ABCi = ∅, then :  
*( , *) ( , , )i i CBKc ta CBK TT ta p t
                  (5.1) 
Where the function *( , , )i CBKTT ta p t

 is the travel time between the current 
location of tai and the current location of the customer who has made CBK* at 
time t;  
Case 2: If ABCi ≠ ∅, then:   
tai will check if there is any time conflict between CBK* and 1
i
iABK ABC , 
where 1
iABK is the first (front) ABK in ABCi: 
* * * * ,1 ,1( , , ) ( , , ) ( , , )
DPT
i CBK CBK CBK CBK i it TT ta p t TT p p t TT p p t t 
            (5.2) 
Where ,1ip
  and ,1
DPT
it are the pickup location and DPT of 1
iABK . 
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If the Equation (5.2) is not satisfied, then set c(tai, CBK*) = nil; otherwise, the  
c(tai, CBK*) can be calculated in the following:  
* * ,1 ,1( , *) ( , , ) ( , , ) ( , , )i i CBK CBK i i ic ta CBK TT ta p t TT p p t TT ta p t
            (5.3) 
After the calculation for either Case 1 or Case 2, tai will inform the dispatching 
center the CCP result if c(tai, CBK*) ≠ nil, which will be included in a message with 
the following format: {ID of tai, ID of CBK*, c(tai, CBK*)} (or {taxi ID, booking ID, 
CCP result value}).  
 
5.3.1.3 Handling the ABK 
Denote ABK* as the ABK that a taxi agent tai∈TA just receives from the dispatching 
center. ABK*should indicate the pickup location *ABKp






ABKt of the customer. The cost of tai for taking ABK* is denoted as      
c(tai, ABK*), which is calculated by tai for either of the following four cases:  
Case 1: If ABCi = ∅, then :  
Case 1.1: If tai has already had a CBK which is denoted as CBKi (either in 
on-call state or boarded state), tai will check if there is any time 
conflict between ABK* and CBKi: 
* *( , , )i i
EDT DPT
CBK CBK ABK ABKt TT p p t t 
   





CBKt  and iCBKp
 are the EDT and delivery location of CBKi. 
( , , ) ( , , )
i i i i
EDT
CBK i CBK CBK CBKt t TT ta p t TT p p t
     if tai is in on-call 
state; otherwise, ( , , )
i i
EDT
CBK i CBKt t TT ta p t
   if tai is in boarded 
state. 
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If the Equation (5.4) is not satisfied, set c(tai, ABK*)= nil; otherwise, 
the c(tai, ABK*) can be calculated by:  
*( , *) ( , , )ii CBK ABKc ta ABK TT p p t
                   (5.5) 
Case 1.2: If tai has taken no CBK, the c(tai, ABK*) can be calculated by:  
*( , *) ( , , )ii CBK ABKc ta ABK TT p p t
                    (5.6) 
Case 2: If ABCi ≠ ∅ and * ,1
DPT DPT
ABK it t , then:   
Case 2.1: If tai already has a CBK which is denoted as CBKi (either in on-call 
state or boarded state), tai will check if there is any time conflict 
among CBKi, ABK*, and 1
i
iABK ABC : 
* *( , , )i i
EDT DPT
CBK CBK ABK ABKt TT p p t t 
   
                 
(5.7) 
* * * * ,1 ,1( , , ) ( , , )
DPT DPT
ABK ABK ABK ABK i it TT p p t TT p p t t 
      





CBKt is calculated by the same way mentioned in Case 1.1.  
If either Equation (5.7) or Equation (5.8) is not satisfied, set    
c(tai, ABK*)= nil; otherwise, the c(tai, ABK*) can be calculated by:  
* * ,1 ,1
( , *)
( , , ) ( , , ) ( , , )
i i
i
CBK ABK ABK i CBK i
c ta ABK
TT p p t TT p p t TT p p t     

 
  (5.9) 
Case 2.2: If tai has taken no CBK, tai will check if there is any time 
confliction between ABK* and 1
i
iABK ABC :  
* * * * ,1 ,1( , , ) ( , , )
DPT DPT
ABK ABK ABK ABK i it TT p p t TT p p t t 
      
        
(5.10) 
If Equation (5.10) is not satisfied, set c(tai, ABK*)= nil; otherwise, 
the c(tai, ABK*) can be calculated by:  
Chapter 5. An Integrated Dispatching Strategy Considering both CBK and ABK 
103 
 
* ,1( , *) ( , , )i ABK ic ta ABK TT p p t
 
              
(5.11) 
Case 3: If ABCi ≠ ∅ and * , i
DPT DPT
ABK i Nt t , then:   
tai will check if there is any time conflict between ABK* and 
i
i
N iABK ABC : 
, , , , * *( , , ) ( , , )i i i i
DPT DPT
i N i N i N i N ABK ABKt TT p p t TT p p t t 
      
      
 (5.12) 
If Equation (5.12) is not satisfied, set c(tai, ABK*)= nil; otherwise, the c(tai, 
ABK*) can be calculated in the following:  
, *( , *) ( , , )ii i N ABKc ta ABK TT p p t
                       (5.13) 
Case 4: If ABCi ≠ ∅ and ,1 * , i
DPT DPT DPT
i ABK i Nt t t  , then:   





m+1 satisfying:  
, , , , * *( , , ) ( , , )
DPT DPT
i m i m i m i m ABK ABKt TT p p t TT p p t t 
                     (5.14) 
* * * * , 1 , 1( , , ) ( , , )
DPT DPT
ABK ABK ABK ABK i m i mt TT p p t TT p p t t 
   
               (5.15) 
If either Equation (5.14) or Equation (5.15) is not satisfied, set          
c(tai, ABK*)= nil; otherwise, the c(tai, ABK*) can be calculated by: 
, * * , 1 , , 1( , *) ( , , ) ( , , ) ( , , )i i m ABK ABK i m i m i mc ta ABK TT p p t TT p p t TT p p t
     
        
 (5.16) 
After the calculation for either of the cases mentioned above, tai will inform the 
dispatching center the CCP result if c(tai, ABK*) ≠ nil, which will be included in a 
message with the following format: {ID of tai, ID of CBK*, c(tai, ABK*)} (or {taxi ID, 
booking ID, CCP result value}); 
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5.3.2 General dispatching operations 
The swim-lane diagram of the IAP is shown in Figure 5.3. The detailed operation 
procedures are described in Section 5.3.2.1 and Section 5.3.2.2.  
 
Figure 5.3: Swim-lane diagram of the IAP 
 
5.3.2.1 Operations of the dispatching center  
A series of dispatching operations are performed by DCi, for 1≤ i ≤ N concurrently, 
which includes the following operation steps:  
Customer Dispatching Center (DC) Taxi driverTaxi Agent (installed in IU)
Call
In
Receive bookings and 
insert them to the BQ of 
each logical area 
For each logical area, distribute an ABK to all taxi agents in 
the common TP, or distribute a CBK to taxi agents in the 
TP of each logical area
Notify the dispatching center 
once the current operational 
state of the taxi has changed or 
the taxi has entered into a new 
logical area
Update  taxis’ info. to 
the common TP and the 
TP of each logical area
Receives a CBK or ABK from 
the DC, then start CCP
Inform the DC with a message 




Inset the message into a 
Sequence Queue (SQ) 
No Yes Is the SQ 
empty?
Place the booking back 
to the front of the BQ
Yes
No
Assign the booking to 
the taxi indicated by 




Show assigned booking info. 
on the touchscreen of IU
Send driver’s response 
(accept or reject) to DC
Accept or  reject the 
assigned booking by 
selecting the options 





Info the customer by 




Receive “no available 
taxi” info.
Inform the customer 
to call/book later
No
Compensate bookings by 
placing them at the front of the 
respective BQ; attach the “one-
time-stop” tags to 
corresponding taxi agents in 
the TP
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Step 1: Distribute a yet-to-be-assigned booking in BQi to taxis 
If BQi = ∅ or TPi = ∅, then go to Step 2; otherwise, take out a booking request 
in the front of BQi and attach it to DCi . If the booking request is a CBK then 
broadcast it to all taxis in TPi; otherwise, if the booking request is an ABK 
then broadcast it to all taxis in the common TP. Taxis with the “one-time-stop” 
tags will not be considered for this round, and the tags will be then removed 
permanently. A timer in DCi will be reset to zero to record the system waiting 
time of the booking after being broadcasted;  
Step 2: System update and await the CCP results of taxis: 
If there is no booking request attached to DCi, perform one round of the 
Update-BQs-TPs process and then go to Step 1; otherwise, if there is a 
booking request attached to DCi, perform the Update-BQs-TPs process 
repeatedly until it receives a message with the CCP result from a taxi, and 
then insert the message into a Sequence Queue (SQ) denoted as SQi, which is 
increasingly ordered by the value of the CCP result. The message with the 
CCP result from a taxi should be with the following format: {taxi ID, booking 
ID, CCP result value};  
Step 3: Continue and repeat Step 2 until the stop criterion is satisfied:  
The stop criterion is: 1) the system waiting time of the booking is longer than 
a maximum threshold WTmax; or 2) the number of messages collected in the 
SQi is more than a maximum threshold Nmax while the system waiting time of 
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the booking is longer than a minimum threshold WTmin;   
Step 4: Assign the yet-to-be-assigned booking to a taxi:  
If there is no message in SQi, the booking will be placed back to the front of 
the BQi, then go to Step 1; otherwise, if there is at least one message in SQi, 
assign the booking to the taxi indicated by the message in the front of the SQi 
(i.e., the taxi with the lowest CCP result value in the SQi), and then inform the 
taxi to let the driver decide whether to accept or reject the booking;   
Step 5: Process the feedback from the taxi driver; 
Upon the receipt of the feedback from the taxi driver for the booking 
assignment described in Step 4, if the taxi driver has accepted the booking 
assignment, the dispatching center will send a confirmation message to the 
corresponding customer; otherwise, if the taxi driver has rejected the booking 
assignment, the dispatching center will compensate the booking by placing it 
at the front of BQi, and attach a “one-time-stop” tag to the corresponding taxi 
in the TPs for penalty purpose. Then remove the booking request previously 
attached to DCi (if this booking request is an ABK, it will also be inserted into 
the ABK-LP-Q) and go to Step 1. 
 
Note: The Update-BQs-TPs process is defined in the following:  
 Update the operational state of taxis in TPi and the common TP, if 
notifications from taxis regarding the changing of current operational state or 
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the changing of current logical area are received and pending to be processed;  
 Update the yet-to-be-assigned bookings in BQi, if new bookings are received 
in respective logical areas and pending to be processed.  
 
5.3.2.2 Operations of the taxi agent 
The taxi agent installed in the IU of each taxi will perform the following operational 
tasks during the operating period: 
 Notify the dispatching center once the current operational state of the taxi has 
changed or the taxi has entered a new logical area. The notification should be 
in the following format: {taxi ID, current logical area ID, current operational 
state};  
 Start the CCP when it receives a booking request (either CBK or ABK) from 
the dispatching center. Then inform the dispatching center with a message of 
the CCP result upon the completion of the CCP;   
 Notify the dispatch center its taxi driver’s decision (accept or reject the 
booking) when it receives a booking assignment from the dispatching center;  
 
5.4 Dispatching Operations (2) – the Local Planning Phase (LPP) 
After the IAP for a new ABK, a subsequent LPP will be performed to further improve 
the booking assignment so far, which is an application of the local search techniques of 
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the Dynamic Pickup and Delivery Vehicle Routing Problem (DPD-VRP) proposed by 
Fabri and Recht (2006). The motivation for the LPP is in the following:  
 Assume that in the IAP, denoted the j
th
 incoming ABK as ABKj which is 
assigned to a taxi agent tai, and the corresponding cost c(tai, ABKj) is the 
lowest one that all responding taxi agents can provide;  
 The IAP is fast, but it can only provide a feasible but not optimal solution. For 
example, when another ABK denoted as ABKj’ comes, it will be assigned to 
another taxi agent, say tai’ with the lowest cost c(tai’, ABKj’) that all 
responding taxi agents can provide; however, if c(tai, ABKj) + c(tai’, ABKj’) > 
c(tai, ABKj’) + c(tai’, ABKj), it will be better to assign ABKj to tai’ and ABKj’ to 
tai respectively;  
 Because of the dynamic nature of the ABK, the final optimal solution can only 
be identified after the last ABK comes; however, at every time t during the 
taxi operation, there is a current feasible solution that can be improved further;  
 Thus, a subsequent LPP will be performed to further improve the initial 
assignment. 
Several considerations also need to be paid attention in performing the LPP, which 
are:  
 The LPP will be performed only when there is still computational time 
available. If the next ABK comes quickly after the initial assignment of the 
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current one, there may be no time to further improve it;  
 The LPP only deals with the ABKs already assigned but yet to be served;  
 A new round of LPP will start after the initial assignment of a new incoming 
ABK, which will be performed iteratively until either the LPP is finished or 
another ABK comes.  
In the LPP, the dispatching center will broadcast all assigned but yet-to-be-served 
ABKs (one by one) stored in the ABK-LP-Q (as shown in Figure 5.1(b)) to taxis in the 
common TP for further improvement of the IAP solution. In this section, the core 
operation in LPP, namely the move operation will be firstly introduced, which will be 
performed by the taxi agent upon the receipt of a broadcasted ABK from the 
dispatching center for the local planning purpose. Then, the searching strategy for the 
ABK-LP-Q and general dispatching operations for both the dispatching center and the 
taxi agent will be introduced in the following. 
 
5.4.1 The move operations 
The taxi agent will perform the trail of move operation upon the receipt of a 
broadcasted ABK from the dispatching center for the local planning purpose. Denote 
the broadcasted ABK as ABK
i
m which is the m
th
 ABK in the ABCi of the taxi agent tai
∈TA; denote the taxi agent who has received the message as tai’∈TA, so that the ABC 
of it is ABCi’. Two types of move operations will be introduced: the first is the insert 
move and the second is the swap move.  




Figure 5.4: The move operations. 
 
Definition 5.2 insert move: the insert move is to remove an ABK from the ABC of 
its current taxi and then insert it into another. Denote the function Insert(ABK
i
m, ABCi’) 
performs an insert move to try to insert ABK
i
m∈ABCi to ABCi’ between every possible 
locations. For example as shown in Figure 5.4(a), taxi agent tai tries to delete ABK
i
m 




n. The cost 
reduction value Δc_insertion can be calculated by Equation (5.17).   
1 1 1
1 1 1
_ [ ( , , ) ( , , ) ( , , )]
[ ( , , ) ( , , ) ( , , )]
m m m m n n
n m m n m m
c insertion TT p p t TT p p t TT p p t
TT p p t TT p p t TT p p t
     
  
     
  
    
 
     (5.17) 
Definition 5.3 swap move: the swap move is to swap two ABKs from two ABCs of 
taxis. Denote the function Swap(ABK
i
m, ABCi’) performs an swap move to try to swap 
ABK
i
m∈ABCi with each ABK in ABCi’. For example as shown in Figure 5.4(b), taxi 
Notes & Legends:
ABC:        Advance Booking Chain







(a) The insertion move
(b) The swap move
ABK m+1 ABK m-1 






ABK m+1 ABK m-1 
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n∈ABCi’. The cost reduction value 
Δc_swap can be calculated by Equation (5.18). 
 
1 1 1 1
1 1 1 1
_ [ ( , , ) ( , , ) ( , , ) ( , , )]
[ ( , , ) ( , , ) ( , , ) ( , , )]
m m m m n n n n
m n n m n m m n
c swap TT p p t TT p p t TT p p t TT p p t
TT p p t TT p p t TT p p t TT p p t
       
   
       
   





The move operation (insertion or swap) will be treated as unsuccessful if 
Δc_insertion < 0 or Δc_swap < 0. The constraints described in Section 5.3.1 should 
also be satisfied in the iterations of move operations; otherwise, the move operation 
will be also treated as unsuccessful.    
As indicated in Fabri and Recht (2006), the best computational results can be 
obtained by the insert move in their experiments for the DPD-VRP. Therefore, the LPP 
in the proposed dispatching strategy will only consider the insert move. 
Upon the completion of the trial of the move operation performed by the taxi agent 
tai’∈TA, if it is successful, tai’ will send the cost reduction value Δc_insertion back to 
the dispatching center.  
 
5.4.2 Searching strategy for the ABK-LP-Q 
The ABK-LP-Q is employed to store all assigned but yet-to-be-served ABKs for the 
local planning purpose. As introduced in Section 5.3.2, once an ABK is confirmed to 
be assigned to a taxi, it will be inserted into the ABK-LP-Q immediately. Moreover, 
once an ABK becomes unavailable to be moved to other taxis, i.e., the taxi carrying the 
ABK is running to the pickup location of the ABK, the taxi will notify the dispatching 
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center to remove the ABK from the ABK-LP-Q.   
 The LPP consists of cycles of operations, in each cycle one ABK in the ABK-LP-Q 
will be selected to perform a trial of move operation, i.e., being inserted to every 
operating taxi (except the one currently carrying the ABK) for seeking further cost 
reductions. As discussed in 5.4.1, only the successful move operations, i.e., 
Δc_insertion > 0 for insert move will be considered as the candidates for the final move 
operations. Due to the real-time nature of the proposed dispatching strategy, it is 
expected that ABKs with higher cost reduction values (i.e., Δc_insertion) should be 
tried as early as possible; however, only after all trials of move operations between 
each ABK in the ABK-LP-Q and each taxi in the common LP then we can only know 
which ABKs are with higher cost reduction values, which is obviously unrealistic in a 
real-time system environment. Therefore, by following the approach in Fabri and 
Recht (2006), the ABKs in ABK-LP-Q will be decreasingly ordered by the saved cost, 
denoted as c_saved(ABK
i
m) rather than the cost reduction value Δc_insertion. 




m as the m
th 
ABK in the 
ABC of taxi agent tai, then c_saved(ABK
i
m) is the saved cost when ABK
i
m is removed 
from its current taxi agent tai, which can be calculated in Equation (5.19):  
  
 1 1 1 1_ ( ) [ ( , , ) ( , , ) ( , , )]
i
m m m m m m mc saved ABK TT p p t TT p p t TT p p t
     
          (5.19) 
c_saved(ABK
i
m) is calculated by the taxi agent carrying the ABK, which will be 
sent back to the dispatching center whenever the taxi agent communicates with the 
dispatching center for the ABK related tasks.  
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A Tabu set is also designed in the LPP for the purpose of preventing an ABK from 
being assigned to a taxi twice (which may cause the block of the local search) before a 
certain number successful move operations are performed. The Tabu set will be 
introduced in detail in Section 5.4.3.  
 
5.4.3 General dispatching operations 
In summary, based on the ideas of the LPP in Sections 5.4.1 and 5.4.2, the swim-lane 
diagram of the LLP is shown in Figure 5.5, and the general dispatching operations for 
both the dispatching center and the taxi agent of the proposed dispatching strategy is 
introduced in detail in this section.  
Once a new ABK is successfully inserted to the ABK-LP-Q, a new round of LPP 
will be triggered. A data structure namely the ABK-Pointer is defined for facilitating 
the searching process of the LPP, and the Tabu set which stores the visited ABKs in the 
LPP is denoted as TS* . 
 




Figure 5.5: Swim-lane diagram of the LPP 
Dispatching Center (DC) Taxi driverTaxi Agent (installed in IU)
Initialize a new LPP, Stop 
the yet-completed LPP if 
there is one
Update the sequence of the 
ABK-LP-Q by the saved 
cost of each ABK in the 
ABK-LP-Q
Insert the ABK to TS* and 
broadcast the ABK to all taxis in 
the common TP
Check if the ABK-Pointer




YesIs the ABK pointed 
by the ABK-Pointer is 
already stored in TS*?
No
Move ABK-Pointer 
to the next position
No
Calculate the cost reduction 
value when receiving the ABK
Inform the dispatching center 
with a message of the cost 
reduction value upon the 
completion of the calculation
Wait the message with the cost reduction value (i.e., 
Δc_insertion) from a taxi, and then insert the message 
into a Sequence Queue (SQ) denoted as SQ*
Satisfy stop 
criterion?




Show move operation info. on 
the touchscreen of IU
Instruct the final 
move operation
Send driver’s response (accept 















Notify the dispatch center for 
the status changing of its 
ABKs
Update  taxis’ info. to 
the common TP and the 
TP of each logical area
Accept or reject the move 
operation by selecting the 
options shown in the 
touchscreen
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5.4.3.1 Operations of the dispatching center 
A series of operations are performed by the common DC for the LPP, which includes 
the following operation steps:  
Step 1: Initialize a new LPP:  
Stop the yet-completed LPP if there is one, update the sequence of the 
ABK-LP-Q by the saved cost of each ABK in the ABK-LP-Q;  
Step 2: Distribute a ABK in ABK-LP-Q: 
If the ABK-Pointer is currently pointing to the end of the ABK-LP-Q, then 
exit the current LPP. If the ABK currently pointed by the ABK-Pointer is 
already stored in TS*, then the ABK-Pointer will be moved to the next 
position in the ABK-LP-Q, and restart Step 2; otherwise, insert the ABK to 
TS* and broadcast the ABK to all taxis in the common TP. A timer will be 
reset to zero in the common DC to record the system waiting time after the 
broadcasting of the ABK;  
Step 3: Wait for the response from taxis;  
Perform the Update-ABK-LP process and wait until the receipt of a message 
with the cost reduction value (i.e., Δc_insertion) from a taxi, and then insert 
the message into a Sequence Queue (SQ) denoted as SQ*, which is 
decreasingly ordered by the cost reduction value. The message should be in 
the following format: {Taxi ID, ABK ID, cost reduction value};  
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Step 4: Continue and repeat Step 3 until the stop criterion is satisfied:  
The stop criterion is: 1) the system waiting time is longer than a maximum 
threshold WTmax; or 2) the number of messages collected in the SQ* is more 
than a maximum threshold Nmax, while the system waiting time is longer than 
a minimum threshold WTmin;   
Step 5: Instruct the final move operation to the related taxis: 
If there is no message in SQ*, the ABK-Pointer will be moved to the next 
position in the ABK-LP-Q, then go to Step 2; otherwise, if there is at least one 
message in SQ*, then instruct the two taxis - the 1
st
 taxi is the one assigned 
with the ABK pointed by the ABK-Pointer and the 2
nd
 taxi is the one indicated 
by the message in front of SQ* to perform the final move operation, i.e., to 
move the ABK pointed by the ABK-Pointer of the 1
st
 taxi to the 2
nd
 taxi. The 
instruction should be in the following format: {ABK ID, 1
st
 Taxi’s ID, 2nd 
Taxi’s ID}. Then empty SQ*; 
Step 6: Process the feedback from the taxi drivers: 
Upon the receipt of the feedback from the taxi driver for the final move 
operation described in Step 5, if the taxi drivers have accepted it, the 
dispatching center will send the confirmation messages to the corresponding 
customers and update the sequence of the ABK-LP-Q by the saved cost of 
each ABK in the ABK-LP-Q. With the accept of the final move operation by 
the taxi drivers, if the total number of successful move operations exceeds a 
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max number Ntabu, then the Tabu set TS* will be emptied. Then the 
ABK-Pointer will be moved to the next position in the ABK-LP-Q, and go to 
Step 2.  
Note: The Update-ABK-LP process is defined in the following:  
 Receive the notifications from the taxi agents for the status changing of ABKs 
(e.g., when a taxi starts to serve an ABK), then remove the corresponding 
ABKs from the ABK-LP-Q;   
 
5.4.3.2 Operations of the taxi agent 
The taxi agent installed in the IU of each taxi will perform the following operational 
tasks during the operating period: 
 Notify the dispatch center for the status changing of its ABKs (e.g., when it 
starts to serve an ABK); 
 Calculate the cost reduction value when it receives an ABK (with its saved 
cost) from the dispatching center for local planning. Then inform the 
dispatching center with a message of the cost reduction value upon the 
completion of the calculation. The details of the calculation process has been 
introduced in Section 5.4.1;  
 Notify the dispatch center its taxi driver’s decision (accept or reject the final 
move operation) when it receives an instruction of the final move operation 
from the dispatching center.  




5.5 Simulation Experiments  
 
5.5.1 The simulation model 
The region-level simulation model (descripted in Section 3.3.4.3, Chapter 3) is chosen 
as the simulation test bed for the proposed dispatching strategy, which is also shown in 
Figure 5.6. The partition of the logical areas and the numbering of those areas are 
shown in Table 5.1.  
In the simulation, the taxi operations are modeled by following the methodology 
presented in Section 3.3.1 in Chapter 3 (with considering only one taxi operator); 
however, the customer behaviors are modeled by modifying the methodology 
presented in Section 3.3.2 of Chapter 3: adding the customer behavior of making the 
ABK as in the following:  
Customer behavior of making the ABK: Customers who have chosen to make the 
ABK will immediately make bookings to the dispatching center after they are 







ABKt  are the pickup location, the delivery location and the DPT of that customer. 
The DPT is at least 30 minutes later than the generating time of the customer and 
following a probability distribution (e.g. normal distribution) with a pre-specified 
standard deviation (e.g. 30 minutes). If the customer has been waiting for a certain 
period of time Tmax after the DPT, ABK* should be treated as an unsuccessful booking.  
 





Figure 5.6: The simulation model for the test of the proposed dispatching strategy. 
Table 5.1: The partition of the study area 
Sub-area ID Sub-area Name Number of taxi stands 
101 Central Business District (CBD) 95 
102 Bukit Merah 76 
103 Tanglin 69 
104 Novena 68 
105 Kallang 72 
106 Marine Parade 60 
107 Queenstown 82 
108 Bukit Timah 84 
109 Bishan 39 
110 Toa Payoh 42 
111 Geylang 77 
 
(a) The study area: central region of Singapore (b) Road network within the study area
(c) The partition of the study area
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5.5.2 Input data and parameters 
There are totally 500 taxis to be simulated by the simulation model introduced in 5.5.1. 
A series of simulation experiments are conducted for 10 demand scale levels, in which 
the baseline customer OD matrix are shown in Table 5.2. So that the customer OD 
matrices corresponding to the 10 demand scale levels could be generated by following 
the procedures described in Section 3.4.2.1 of Chapter 3.  
Table 5.2: The customer OD matrix (customers/hr) 
O\D 101 102 103 104 105 106 107 108 109 110 111 
101 0 10 10 10 10 10 10 10 10 10 10 
102 10 0 10 10 10 10 10 10 10 10 10 
103 10 10 0 10 10 10 10 10 10 10 10 
104 10 10 10 0 10 10 10 10 10 10 10 
105 10 10 10 10 0 10 10 10 10 10 10 
106 10 10 10 10 10 0 10 10 10 10 10 
107 10 10 10 10 10 10 0 10 10 10 10 
108 10 10 10 10 10 10 10 0 10 10 10 
109 10 10 10 10 10 10 10 10 0 10 10 
110 10 10 10 10 10 10 10 10 10 0 10 
111 10 10 10 10 10 10 10 10 10 10 0 
Note: O = Origin sub-area IDs; D = Destination sub area IDs; 
Denote ABK_R is the ratio of customers who will make the ABK, so that the rest 
(1- ABK_R)% of customers will chose NBTS or make the CBK. As mentioned in 
Wang (2004), there are possibilities that customers may prefer the ABK in certain 
conditions; therefore, in order to test the effect of the ABK to the dispatching 
performance, we have tested 3 different levels of the ABK_R which are 25%, 50% and 
75% respectively. 
The proposed dispatching strategy ABC-DS is simulated and compared with 
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another dispatching strategy namely the Separate Dispatching Strategy (Sep-DS). The 
difference between the ABC-DS and the Sep-DS is that the former allows the 
formation of the Advance Booking Chain (ABC) while the later does not allow it (in 
fact, the maximum length of the ABK-Q of each taxi agent is set to 1 in Sep-DS, which 
is a strategy similar to the one of the real world). The performance of each strategy in 
each demand scale level is evaluated in terms of the OR and CWT. In addition, the 
number of completed bookings and the number of unsuccessful bookings are also 
recorded in each demand scale level.  
Other parameters for the simulation experiments are set in the following: The 
standard deviation of the DPT of all ABKs is set to 30 minutes. The customer’s 
start-to-book time T0 is set to 3 minutes, and the maximum time Tmax the customer can 
wait at the taxi stand is set to 10 minutes. The total simulation period is 2 hours plus 30 
minutes warm-up time. The max number of successful move operations Ntabu for 
emptying the Tabu set TS* is set to 2. The Other parameters of the simulation model 
are set based on the field observation and survey. 
To facilitate the simulation process without loss of generality, the stop criterions 
for waiting for the response from the taxi agents in both IAP and LPP operations will 
not be modeled, i.e., the dispatching center will wait until the last taxi agent have 
responded.  
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5.5.3 Simulation result (1): test of the CCP 
The test for the CCP is shown in Figure 5.7, which is grabbed from one of the 
simulation runs when the demand scale level = 6. 
 
Figure 5.7: The test for the CCP in the simulation 
 
In the test, an ABK denoted as ABK* and with the pickup location * 135ABKp
  , 
the delivery location * 130ABKp
  , the DPT * 5265
DPT
ABKt  and the EDT * 5389
EDT
ABKt   
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of the taxi stands in the simulation, and the DPT/EDT are indicated by the time passed 
(in seconds) from the beginning of the simulation. Upon the receipt of the information 
of ABK*, the taxi agents will calculate the cost for taking the new ABK following the 
procedures introduced in Section 5.3.1. In the last, the dispatching center will assign 
ABK* to the taxi with the lowest cost which is 354 seconds as shown in Figure 5.7. 
 
5.5.4 Simulation result (2): test of the LPP 
The test for the LPP is shown in Figure 5.8, which is obtained from one of the 
simulation runs when the demand scale level = 6, time t = 3601 seconds. In the test, 
there are totally 2491 ABKs stored in the ABK-LP-Q for further improvement. One 
assumption for this test (only) is that every ABK in the ABK-LP-Q will be tried with 
the move operation, which aims to test the efficiency of the proposed LPP.  
 
Figure 5.8: The test for the LPP in the simulation 
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Cost Reduction
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based on their sequence numbers processed by the dispatching system. It can be found 
that when the number of ABKs processed in LPP is smaller than 700, the cost 
reduction value can increase quickly; however, when the number is between 700 and 
1600, there are few successful move operations; when the number is larger than 1600, 
the cost reduction value can increase quickly again. This test can provide guidelines for 
the real dispatching operations: if there is insufficient computational time left for 
performing the LPP, the system can just process limited number of yet-to-be-served 
ABKs, e.g., 700 ABKs as in the case of this test; however, if there is sufficient 
computational time left, the LPP can process all yet-to-be-served ABKs or even restart 
a new cycle of LPP for further improvement of the solution.     
 
5.5.5 Simulation result (3): sensitivity analysis 
The simulation results with the analysis for the scenario ABK_R=50% are firstly 
presented. Then, the simulation results for the scenarios ABK_R=25% and 75% are 
also presented in the following for the comparison purpose.  
 
5.5.5.1 Scenario 1: ABK_R=50% 
It can be found in Figure 5.9(a) that the ABC-DS can improve the overall OR up to 
6.77% (demand scale level = 4) compared with Sep-DS when the demand scale level < 
6. This can be explained as follows: firstly, the ABC-DS chains up ABKs which 
enables the taxi to avoid unnecessary empty cruising time to a certain extent; secondly, 
the ABC-DS tries to assign the ABK to the taxi with the highest stimulus (the higher 
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occupancy time with the lower empty cruising time), which may directly lead to the 
increase of the OR of the entire taxi fleet.  
 
Figure 5.9: The simulation results (ABK_R=50%). 
 
However, it is also found in Figure 5.9(a) that in terms of improving the overall 
OR, the ABC-DS is no better than the Sep-DS when the demand scale level is high (> 
6). This can be also explained as follows: when the demand scale level is high (> 6), 
most taxis will be too busy to confirm the incoming CBKs so that the demand for the 
NBTS will become higher. In such a situation, a taxi under Sep-DS will have higher 
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one; however, a taxi under ABC-DS will has little chance to offer the NBTS, since it 
has to head for the pickup location of the next ABK emptily after it drops one at a taxi 
stand, which may cause the increase of the taxi empty cruising time, in other words, 
cause the decrease of the OR of the entire taxi fleet.          
Figure 5.9(b) shows that the ABC-DS can shorten the CWT as much as 34.65% 
(demand scale level = 3) when the demand scale level is low (< 6); however, when the 
demand scale level is high (> 6), the ABC-DS shows no advantage than the Sep-DS in 
terms of reducing the CWT.  
Figure 5.9(c) shows that the ABC-DS can complete more ABKs but less 
NBTS+CBK than Sep-DS. This may be due to the reason that the former strategy 
allows more than one ABKs to be assigned to one taxi which enables the taxi to serve 
more ABKs. Figure 5.9(d) shows that the total number of unsuccessful bookings in the 
ABC-DS is less when the demand scale level < 7, which indicates that the ABC-DS 
has the potential to attract more customers to make advance booking.  
 
5.5.5.2 Scenario 2: ABK_R = 25% 
The ratio of ABKs in scenario 2 is much lower than that in Scenario 1, in which the 
dispatching performance of ABC-DS is no better than that of Sep-DS. For example, in 
Figure 5.10 (a), the ABC-DS is unable to improve the overall OR compared with 
Sep-DS when the demand scale level ≤ 5, and even worse when the demand scale 
level > 5; in Figure 5.10(b), the ABC-DS shows no advantage than the Sep-DS in 
terms of reducing the CWT; Figure 5.10(c) shows the similar pattern of the number of 
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completed bookings as in Figure 5.9(c); in Figure 5.10(d), the ABC-DS shows no 
advantage than the Sep-DS in terms of reducing the number of unsuccessful bookings. 
 
Figure 5.10: The simulation results (ABK_R=25%). 
 
5.5.5.3 Scenario 3: ABK_R=75% 
The ratio of ABKs in scenario 3 is higher than that in Scenario 1, in which the 
dispatching performance of ABC-DS is better than that of Sep-DS. For example, in 
Figure 5.11 (a), the ABC-DS can improve the overall OR compared with Sep-DS when 
the demand scale level>1; in Figure 5.11 (b), the ABC-DS is better than the Sep-DS in 
































































































(a) The Occupancy Rate (OR) (b) The Customer Waiting Time (CWT)
(c) The number of completed bookings (d) The number of unsuccessful bookings
Chapter 5. An Integrated Dispatching Strategy Considering both CBK and ABK 
128 
 
completed bookings as in Figure 5.9(c); in Figure 5.11 (d), the ABC-DS can reduce the 
number of unsuccessful bookings compared with Sep-DS when the demand scale 
level>1. 
 
Figure 5.11: The simulation results (ABK_R=75%). 
 
In all, several implications can be obtained from the simulation results, which could 
become the technical support for taxi operators to make strategic decisions (those taxi 
operators include large taxi operators with dominant market shares and small taxi 
operators with lower market shares):  
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ABK_R is high (e.g., ABK_R=75%). In these scenarios, all taxi operators are 
encouraged to employ the ABC-DS rather than the Sep-DS;  
 The ABC-DS is no better than the Sep-DS for the scenarios when ABK_R is 
low (e.g., ABK_R=25%). In these scenarios, all taxi operators are encouraged 
to employ the Sep-DS rather than the ABC-DS; 
 For the scenarios when ABK_R is in the middle range (e.g., ABK_R=50%), 
the demand scale level is a critical factor for the decision makers to consider: 
the ABC-DS is recommended to the small operators who have comparatively 
low booking demands; the Sep-DS is recommended to the large operators who 
have comparatively high booking demands.  
 
5.6 Summary 
This chapter has proposed an improved dispatching strategy namely the Advance 
Booking Chain Dispatching Strategy (ABC-DS) which has extended the works of Lee 
et al.(2004) by considering the effects of the CBK and the NBTS together with the 
ABK; moreover, another dispatching strategy which is similar to the one of the real 
world, namely the Separate Dispatching Strategy (Sep-DS) is also developed for the 
comparison purpose. The micro-simulation based Taxi Service Model (TSM) proposed 
in Chapter 3 has been adopted as the modeling and testing tool for the aforementioned 
dispatching strategies. A number of implications are obtained from the simulation 
results, which are believed to be useful for the taxi operators to make strategic 
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decisions on selecting appropriate dispatching strategies.   




Chapter 6 A Game Theory Based Control Strategy for the NBTS 
 
A Game Theory based Control Strategy 
for the Non-Booking Taxi Service 
 
6.1 Background  
As introduced in Section 1.3.2 of Chapter 1, the current dispatching system only deals 
with the Booking Taxi Service (BTS) but not the Non-Booking Taxi Service (NBTS). 
The NBTS can be defined as the taxi service to the customers who are hailing on the 
street or waiting at the taxi stand for taxis. However, there were few research studies 
on improving the operational efficiency for the NBTS as reviewed in Chapter 2.  
This issue may due to the reason that both the taxi and the customer who are 
searching for each other actually bear different levels of risk. For example, in BTS, the 
taxi takes lower risk while the customer takes higher one: once a taxi has confirmed 
with a booking request, the customer who has made the booking should wait until the 
arrival of the taxi (in fact, the customer who has made a booking can cancel it after the 
confirmation; however, if the cancelation is not made in time or the customer does not 
show up, a penalty will be added, e.g., putting the customer’s phone number into a 
blacklist); however, in NBTS, the taxi takes higher risk while the customer takes lower 
one, this is because the taxi-customer searching (or matching) process in NBTS is not 
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bound to any agreement so that a customer can take any available taxi coming to 
his/her location, but a taxi receives no guarantee to find a customer when heading to 
any taxi stand at which customers may be waiting.  
To alleviate this issue, a novel control strategy, namely the Limited Information 
Sharing Strategy (LISS) is proposed in this chapter, which is a decentralised control 
strategy that requires both the taxi and the customer to be equipped with mobile 
devices that can form ad-hoc networks between them. Unlike other non-centralised 
strategies such as the agent-based dispatching approaches proposed by Seow and Lee 
(2010) in which taxis could communicate with each other (but not with customers) to 
find the optimal (or sub-optimal) assignment solutions, the proposed LISS will enable 
customers to communicate with taxis via mobile devices directly so as to reduce the 
taxi-to-taxi communication costs. Moreover, the LISS requires no commitment from 
the customer side, which is a distinct characteristic compared with other strategies such 
as the automatic/agent-based dispatching (Lee et al., 2003; Seow and Lee, 2010). In 
the LISS, a customer can at any time leave the waiting location, or choose another taxi 
even if a not yet arrived vacant taxi already decides to pick up him/her. 
The core process in LISS, the Taxi-Customer Negotiation Process (TCNP) will be 
formulated based on the game theoretical formulation which has been applied in a few 
other related areas such as the Vehicle-Target Assignment Problem (VTAP) (Arsie et 
al., 2009; Arslan et al., 2007; Chapman et al., 2011; Kalam et al., 2010); however, the 
LISS is not simply a variant of VTAP but has the following distinctive characteristics: 
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 Dynamic behaviors of both the taxi and the customer need to be considered;  
 Customers may wait at the same geographical locations, e.g. queuing in the 
same taxi stand; 
 The travel time between the taxi and the customer may be affected by the road 
traffic conditions; 
 In the game theoretical formulation, the definitions for the global utility of the 
game and the individual utility of the player (the taxi or the customer) may 
consider a number of theoretical and practical problems/constraints.    
The micro-simulation based Taxi Service Model (TSM) introduced in Chapter 3 
has been adopted as the modeling and evaluation tool for the proposed LISS, in which 
the effect of the LISS to the taxi service performance has been evaluated and compared 
with a strategy without any control/dispatching schemes.   
 
6.2 The System Architecture and Problem Formulation 
 
6.2.1 System architecture of the LISS 
The system architecture of the proposed LISS is shown in Figure 6.1, which is based 
on the decentralized system architecture. Unlike the non-centralized architecture 
introduced in Chapter 4, the proposed control strategy in this chapter has no 
dispatching (or control) center to perform the global coordination.     
 





Figure 6.1: The decentralized control system architecture 
 
In this system architecture, both the taxi and the customer are equipped with the 
mobile device which is able to obtain the real-time location via GPS and communicate 
with other mobile devices. For the taxi side, the mobile device could be either the 
smart phone or the In-vehicle Unit (IU); for the customer side, the mobile device could 
be the smart phone. During the operation of the system, only the taxi-customer 
communication is allowed, and the communication between those devices is via a 
wireless network with limited search range, such as the Wireless Local Area Network 
(WLAN). Moreover, two types of agent (an active software entity) are installed in the 
mobile devices of both the taxi side and customer side respectively, namely the taxi 
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undertake computational tasks and make independent decisions on behalf of the human 
owner; and 2) communicate with other agents via the aforementioned wireless network 
with limited search range. 
As shown in Figure 6.2, the objective of this chapter is to develop a LISS for the 
NBTS which is expected to reduce the CWT of the customer and reduce (or mediate) 
the risk of the taxi (e.g., the probability of reducing the total occupied time) in a certain 
level. Moreover, a negotiation process, namely the Taxi-Customer Negotiation Process 
(TCNP) is designed as the core process in LISS.  
 
 
Figure 6.2: The problem formulation framework 
 
6.2.2 Game-theoretical formulation for the TCNP 
The Taxi-Customer Negotiation Process (TCNP) is designed to be performed 
periodically in the system: assume at time t, a new round of TCNP denoted as TCNP(t) 
is about to start, there are NVT(t) numbers of vacant taxis running in different locations 
of the road network. At the same time, there are NWC(t) numbers of customers waiting 
at NWTS(t) number of taxi stands. It is possible that NWC(t) ≥ NWTS(t) which means 
customers can be queuing at the same taxi stand. Then the TCNP(t) will be performed 
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to provide a solution on which taxi goes to which stand so that a global objective can 
be achieved.    
A number of methods can be adopted for performing and solving the TCNP, e.g., 
the agent-based approach proposed by Seow and Lee (2010) where taxis could 
communicate directly with each other (but not with customers) to find the optimal (or 
sub-optimal) solution in BTS. However, due to the huge amount of demand for the 
NBTS, the taxi-to-taxi communication cost will increase to a considerably high level. 
Thus, a game-theoretical formulation is adopted as the framework to solve the TCNP. 
In this type of formulation, only the taxi-to-customer communication is allowed so that 
the cost of taxi-to-taxi direct communication is saved. Therefore, the potential 
computational resource of the mobile device of the customer could be utilized. 
 
6.2.2.1 Game-theoretical formulation for TCNP 
The game-theoretical formulation for the TCNP can be described in the following: at 
time t, the NVT(t) vacant taxis are denoted as  1 ( )( ) ( ),  , ( )VTN tVT t VT t VT t  ; and the 
NWC(t) waiting customers are denoted as  1 ( )( ) ( ),  , ( )WCN tWC t WC t WC t  . The taxi 
agent of a vacant taxi VTi(t) can only communicate with a limited number of customer 
agents (due to the constraint of limited search range), namely the candidate customers 
denoted as set CCi(t) ⊂WC(t) where: 
 
( )| ( ) | ii CC tCC t N  and 
 1




WC t CC t
 
  
The taxi agent of VTi(t) can decide to choose any waiting customer in CCi(t) to 
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head to, and the decision of the taxi agent of VTi(t) can be denoted as ai(t). If the taxi 
agent of VTi(t) has decided to choose WCj(t)∈CCi(t) to head to, we can say that VTi(t) 
has engaged WCj(t), or ai(t) = WCj(t). It is possible that VTi(t) has no engagement to 
any waiting customer. The set of decisions of all taxi agents, namely the decision 
profile can be denoted by   1 ( ){ ( ),  , ( )}VTN ta t a t a t   where a(t)∈A(t) and A(t) is 
the set of all possible decision profiles. Let a-i (t) be the set of decisions of all taxi 
agents except the one of VTi(t), so that {ai (t), a-i (t)} = a (t). Let A-i (t) be the set of all 
possible a-i (t) so that a-i (t)∈A-i (t). Each decision profile can return a global utility 
Ug(a(t)) which is the objective function to be maximized, and each vacant taxi VTi(t) 
has its own utility function ( ( ))
iVT
U a t .  
In order to get the solution of the game or the agreement among all taxi agents, the 
concept of Nash Equilibrium (NE) is introduced: at time t, an NE is a decision profile 
 * * *1 ( ){ ( ),  , ( )}VTN ta t a t a t   that no vacant taxi VTi(t) can do better to improve its 
own utility ( ( ))
iVT
U a t  by engaging to another waiting customer different from a
*
(t) 
(Osborne, 2004).  
From the definition of NE we can see that the taxi agent of each vacant taxi VTi(t) 
will try to maximize the utility ( ( ))
iVT
U a t for achieving an NE in the TCNP(t); however, 
the ultimate objective of TCNP(t) is to maximize the global utility Ug(a(t)). Thus, for 
linking the two utility functions, the idea of ordinal potential game used for 
formulating and solving the Vehicle-Target Assignment Problem (VTAP) in Arslan et 
al. (2007) is adopted in this problem.    
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6.2.2.2 Constructing an ordinal potential game for TCNP 
Definition 6.1 ordinal potential game for TCNP: an ordinal potential game for TCNP 
has a potential function ( ):a A R such that for every vacant taxi VTi(t)∈VT(t) with 
the utility ( ( ))
iVT
U a t , for every a-i (t)∈A-i (t) and for every
' ''( ), ( ) ( )i i ia t a t CC t : 
' '' ' ''( ( ), ( )) ( ( ), ( )) 0 ( ( ), ( )) ( ( ), ( )) 0
i iVT i i VT i i i i i i
U a t a t U a t a t a t a t a t a t          
If we substitute the potential function ( ( ))a t with the global utility Ug(a(t)):  
' '' ' ''( ( ), ( )) ( ( ), ( )) 0 ( ( ), ( )) ( ( ), ( )) 0
i iVT i i VT i i g i i g i i
U a t a t U a t a t U a t a t U a t a t           
The motivation of introducing the concept of ordinal potential game in TCNP is to 
forge a tight link between the taxi’s utility function ( ( ))
iVT
U a t and the global utility 
function Ug(a(t)), i.e., taxi agents will maximize the utilities of their taxis which also 
improve the global utility at the same time. Thus, the next step is to choose the utility 
function of taxi and the global utility function properly so that an ordinal potential 
game can be formed. 
Definition 6.2 the global utility function: The global utility function Ug(a(t)) has  
been defined as the summation of all waiting customers’ utilities, which is from the 
perspective of the customers. 
 1





Max U a t U a t
 
 
                  
(6.1) 
In Equation (6.1), ( ( ))
jWC
U a t  is the waiting customer WCj(t)’s utility function. 
The difference between the two types of utility functions ( ( ))
jWC
U a t  and ( ( ))
iVT
U a t
is that ( ( ))
jWC
U a t  is the benefit a waiting customer WCj(t) can get when more than 
one vacant taxi may engage him/her. Further, ( ( ))
iVT
U a t is the benefit a vacant taxi 
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VTi(t) can get when it has engaged a waiting customer. The following factors will be 
considered when calculating the ( ( ))
jWC
U a t : 
 A waiting customer WCj(t) may have a MCWT denoted as MCWTj for waiting 
at the taxi stand; 
 WCj(t) has been waiting for a time Δt = t - tj,0, where tj,0 is the customer’s 
arrival time at the taxi stand; 
 WCj(t) can be engaged by more than one vacant taxi. Denote ETj(t) as the set 
of vacant taxis engaged WCj (t), and |ETj(t)|= ( )jET tN ; 
 The travel time between the current locations of VTi(t) and WCj(t) is denoted 
by TT(i, j, t), and the estimated arrival time of that taxi is denoted as      
tj,1= t+ TT(i, j, t).  
Then, the waiting customer’s utility function can be defined by Equation (6.2): 
,0
( ) ( )




VT t ET t
U a t Max MCWT t t TT i j t

             (6.2) 
In other words, the waiting customer’s utility can be interpreted as the 
“opportunity cost” the customer can save during his/her waiting period at the taxi 
stand. 
Definition 6.3 the utility function of taxi: if the vacant taxi VTi(t) has engaged the 
waiting customer WCj(t), i.e., ai(t) = WCj(t), the utility function of taxi VTi(t) is defined 
as the difference between WCj(t)’s utilities when VTi(t) has/hasn’t engaged WCj(t). 
( ( ), ( )) ( ( ), ( )) ( , ( )) ( ) ( )
i j jVT i i WC i i WC i i j
U a t a t U a t a t U a t if a t WC t           (6.3) 
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This type of definition is called the Wonderful Life Utility (WLU) (Wolpert and 
Tumer, 2001), in which the utility of a taxi is defined as the marginal contribution to 
the utility of the customer engaged by that taxi. It turns out that Definitions 6.2 and 6.3 
ensure that an ordinal potential game can be formed. 
 
6.3 Solution Procedure for TCNP  
 
6.3.1 General operations for both taxi and customer agents 
Following the denotations for the game theoretical formulation, the swim-lane diagram 
of the solution procedure of TCNP is shown in Figure 6.3. the operations for both the 
taxi and customer agents in the solution procedure of TCNP are introduced in 6.3.1.1 
and 6.3.1.2 respectively.  




Figure 6.3: Swim-lane diagram of the solution procedure of TCNP 
 
6.3.1.1 Operations of the taxi agent 
The taxi agent installed in the vacant taxi VTi(t)∈VT(t) will perform the following 
operational tasks during the operating period: 
Customer
Customer Agent 




Initialize a new Taxi-Customer 
Negotiation Process (TCNP)
Search all active customer 
agents within its search range 
R, and establish connections 
with them
Performing the Select-A-
Customer (SAC) function to 
select a customer  to engage





Send SAC results and other 
information to all customer 
agents connected to it 
Show the location of the 
waiting customer it finally 
selects on the touchscreen of 
IU
If Checking 




Finalize the TCNP: disconnect 
all connections from customer 
agents 
Decide whether to head 
for the location shown 
on the touchscreen of 
IU
Yes
Wait and receive the 
feedback from the 




Activate the customer 
agent installed in his/her 
mobile device
Accepts all connection requests 
from the taxi agents who have 
found it within their search ranges 
and initialize a new round of 
TCNP
Wait/receive notifications from 
the taxi agents connected to it
Perform the Calculation of 
Customer Utility (CCU) function
Send CCU results to all taxi 
agents who have selected the it as 
the candidate one to engage
Accepts all disconnection 
requests from the taxi agents who 
have connected to it and finalized 
a TCNP
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Step 1: Idle and initialize a new Taxi-Customer Negotiation Process (TCNP):  
The taxi agent of the vacant taxi VTi(t)∈VT(t) will be idling until the current 
system time t satisfies that t – t’ = ∆T, then initializes a new round of TCNP.  
t’ is the time when the last round of TCNP has been performed, and ∆T is a 
system parameter which is a pre-specified time interval between two 
consecutive TCNPs. During the initialization, each taxi agent will search all 
active customer agents within its search range R, and establish connections 
with them, i.e., the taxi agent of the vacant taxi VTi(t) will construct the CCi(t) 
which is the set of all waiting customers within the search range of VTi(t), and 
connect to the customer agents.  
Step 2: Select one of the waiting customers within its search range as the candidate to 
engage: 
The taxi agent of the vacant taxi VTi(t)∈VT(t) may select one of the waiting 
customers in CCi(t) as the candidate one to engage by performing the 
Select-A-Customer (SAC) function. The taxi agent can also select no 
candidate customers after performing the SAC function. Suppose that the taxi 
agent has selected WCm(t)∈CCi(t) after performing the SAC function, then it 
will send a notification to the customer agent of WCm(t) with the information 
including the ID of VTi(t) and the travel time between the current locations of 
VTi(t) and WCm(t); Notifications will also be sent to other customer agents of 
waiting customers in CCi(t) except the candidate one with the information 
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including the ID of VTi(t) and a nil value (which indicates that the taxi agent 
will not select that customer as the candidate one to engage in this negotiation 
round). If CCi(t) =∅, then go to Step 1. The SAC function will be introduced 
in detail in Section 6.3.3;  
Step 3: Wait for the feedback from the candidate customer agent: 
The taxi agent of the vacant taxi VTi(t)∈VT(t) will perform the Checking For 
Stop (CFS) function to check whether the current round of TCNP is completed 
or not. If CFS returns true, then go to Step 4; otherwise, wait until the receipt 
of the feedback from the customer agent of the candidate customer it has 
previously selected, then go to Step 2. Details of the CFS will be introduced in 
Section 6.3.4.  
Step 4: Finalize the TCNP: 
The taxi agent of the vacant taxi VTi(t)∈VT(t) will disconnect all connections 
from customer agents of waiting customers in CCi(t), and then inform its 
human driver to head for the location of the waiting customer who has been 
finally selected by the taxi agent (if any), and set t’ = t, then go to Step 1.   
 
6.3.1.2 Operations of the customer agent 
Once a customer arrives at a location and is ready to start waiting for a taxi, the 
customer can activate the customer agent installed in his/her mobile device. Then, the 
customer agent will perform the following operations until the customer deactivates it 
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(e.g., when the customer has boarded on a taxi):   
 Accepts all connection requests from the taxi agents who have found it within 
their search ranges and initialize a new round of TCNP;  
 Wait until all notifications from the taxi agents connected to it are collected, 
perform the Calculation of Customer Utility (CCU) function. Then send the 
CCU results to all taxi agents who have selected the customer as the candidate 
one to engage, and wait for the next round of notifications from those taxi 
agents. The details of the CCU will be introduced in Section 6.3.2.  
 Accepts all dis-connection requests from the taxi agents who have connected 
to it and finalized a TCNP;  
 
There are three important sub-functions of TCNP(t): the first one is the Calculation of 
Customer Utility function CCUj(k), which is performed by the agent of the waiting 
customer WCj(t); the second one is the Select-A-Customer function SACi(k), which is 
performed by the agent of the vacant taxi VTi(t); the third one is the Check For Stop 
function CFSi(k), which is also performed by the agent of the vacant taxi VTi(t). The 
system parameter k is the sequence number of the negotiation rounds of TCNP(t). 
These three sub-functions are introduced in detail in Sections 6.3.2, 6.3.3 and 6.3.4. 
 
6.3.2 Calculation of Customer Utility function: CCUj(k) 
At the k
th
 round of TCNP(t), the customer agent of each waiting customer       
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WCj(t)∈WC(t) needs to calculate two different utilities, namely the primary utility 
( ( , ))
jWC
U a t k and the secondary utility ' ( ( , ))
jWC
U a t k , and then send them to all taxi 
agents of vacant taxis engaged to the customer for further negotiation purposes.  
Definition 6.4 the primary utility ( ( , ))
jWC
U a t k : at the kth round of TCNP(t), each 
waiting customer WCj(t)∈WC(t) has a set of engaged taxis ETj(t, k) where |ETj(t,k)|= 
( , )jET t k
N , then: 
*
,0 ( , )
( , )
[0, ( ) ( , , )], 0





j j ET t k
WC
ET t k
Max MCWT t t TT i j t if N
U a t k
if N
    
 

      (6.4) 
Where  *
( ) ( )
( , , )= min [ ( , , )]
i jVT t ET t
TT i j t TT i j t

                     
In other words, the waiting customer’s primary utility ( ( , ))
jWC
U a t k is the utility 
that the waiting customer WCj(t) can get when choosing the taxi in ETj(t, k) with the 
shortest travel time to him/her, and zero when no vacant taxi has engaged WCj(t).   
Definition 6.5 the secondary utility ' ( ( , ))
jWC
U a t k : at the k
th
 round of TCNP(t), 
each waiting customer WCj(t)∈WC(t) has a set of engaged taxis ETj(t, k) where 
|ETj(t,k)|= ( , )jET t kN , then:              
**




[0, ( ) ( , , )], 1





j j ET t k
WC WC ET t k
ET t k
Max MCWT t t TT i j t if N
U a t k U a t k if N
if N







( ) ( ), *
( , , )= min [ ( , , )]
i jVT t ET t i i
TT i j t TT i j t
   
 
The waiting customer’s secondary utility ' ( ( , ))
jWC
U a t k can be interpreted as: if 
there are more than one vacant taxis are engaged WCj(t), and VTi*(t) is the one with the 
shortest travel time to WCj(t), then 
' ( ( , ))
jWC
U a t k is the utility the waiting customer 
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WCj(t) can get when choosing the taxi in ETj(t, k) with the second shortest travel time 
to him/her; if there is only one taxi engaged WCj(t), then 
' ( ( , ))
jWC
U a t k  just equals to 
the primary utility
 
( ( , ))
jWC
U a t k ; if there is no taxi engaged WCj(t) then 
' ( ( , ))
jWC
U a t k
equals to zero.  
 
Figure 6.4: The primary and secondary utilities 
Notes: suppose a number of vacant taxis engage the waiting customer WCj(t), then the 
primary utility ( ( , ))
jWC
U a t k equals to the utility when choosing the vacant taxi VTi*(t) 
which is the one with the shortest travel time to the customer; and the secondary utility 
equals to the utility when choosing the vacant taxi VTi**(t) which is the one with the 
second shortest travel time to the customer.   
 
The Calculation of Customer Utility CCUj(k) can facilitate the process of 
calculating the utilities in the TCNP(t), and also ensure that the problem is an ordinal 
potential game throughout the entire TCNP(t).    
6.3.3 The Select-A-Customer function: SACi(k) 
At the k
th






( ( , ))
jWC
U a t k
' ( ( , ))
jWC
U a t k
…
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perform the function SACi(k) to propose a waiting customer WCm(t)∈CCi(t) to engage, 
i.e., let ai(t, k) = WCm(t). Since it is expected that the global utility Ug(a(t)) could 
converge after certain rounds of negotiations, an approach called the Generalized 
Regret Monitoring with Fading Memory and Inertia (G-RM-FM-I) is employed as the 
negotiation method. SACi(k) needs feedback from the CCUj(k-1) if ai(t,k-1)=WCj(t); 
however, SACi(k) is performed prior to CCUj(k), so that SACi(k) will not be performed 
by any taxi agent in the 1
st
 round (k=1) of the negotiation, and the taxi agent of VTi(t) 
can engage a waiting customer in CCi(t) at random in this round. The following steps 
elaborate how SACi(k) works at the negotiation round as and when k >1.  
Step 1: Calculate ( ( , 1))
iVT
U a t k   
( ( , 1))
iVT
U a t k  is the utility of the vacant taxi VTi(t) with the World Life 
Utility (WLU) type definition: 
'( ( , 1)) ( ( , 1)), ( , 1) ( ), 1
( ( , 1))
0, ( , 1) , 1
j j
i
WC WC i j
VT
i
U a t k U a t k if a t k WC t k
U a t k
if a t k k





Step 2: Calculate ( ( ), ( , 1))
i
l
VT i iU CC t a t k   
for all {1,...,| ( ) |}il CC t  
( ( ), ( , 1))
i
l
VT i iU CC t a t k  is the utility the vacant taxi VTi(t) can get when it 
changes the choice to ( ) ( )
l
i iCC t CC t while the choices of all other vacant 
taxis remain the same. Suppose that CCi(t)≠∅, and VTi(t) has engaged WCj(t) 
in the round k-1, i.e., ai(t,k-1)=WCj(t), there are four different cases that need 
to be considered in the calculation process: 




Case 1: If ( ) ( )
l
i jCC t WC t , then:    
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Figure 6.5: Four cases in the Step 2 of the SACi(k) 
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VTR t k is the regret of the vacant taxi VTi(t) for not engaging to 
( ) ( )li iCC t CC t in the k
th





VTR t k can be interpreted as 
the accumulated regret of VTi(t) for not engaging to ( ) ( )
l
i iCC t CC t in its 
historical rounds of negotiation. (0,1]  is the discount factor that enable 

























VTi(t) is not the fastest one to WCj’(t) VTi(t) is the fastest one to WCj’(t)
No other  vacant taxis engaged to WCj’(t)WCj(t) is the same one VTi(t) engaged to  
in the (k-1)th round of negotiation  
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Step 4: Calculate the probability distribution vector Pi(k)  
  Pi(k) = 
~
( , 1)
( ( , )) (1 ) i
i
a t k
i VTRM R t k 
  v                     (6.12) 













(When [ ] 0
T x  1 )                (6.13) 
Notes: 
 (0,1] is the willingness to propose a different waiting customer of 
VTi(t) at each round of the negotiation, so that 1   represents the 
VTi(t)’s inertia on the proposal;  
 ( , 1)ia t kv is a |CCi(t)| dimensional vector and





 element of 
( , 1)ia t kv . If ( , 1) ( )
l










  , 
for all {1,...,| ( ) |}il CC t ;  
 [x]
+
 is an n dimensional vector of which the i
th
 element equals to max(xi,0), 
if x is also an n dimensional vector.  
Step 5: VTi(t) engages a waiting customer WCm(t)∈CCi(t) 
Based on the probability distribution vector Pi(k) calculated in Step 4, the 
vacant taxi VTi(t) will engage a waiting customer WCm(t)∈CCi(t) as the 
return value of SACi(k). It has to be noted that VTi(t) can also propose nothing 
and then SACi(k) just returns a value nil. 
 
It has been proved in Arslan et al. (2007) that if a Vehicle-Target Assignment 
Problem (VTAP) can form an ordinal potential game and each vehicle has no different 
utilities response to different strategies (or decisions), the G-RM-FM-I will enable the 
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negotiation process to converge to a pure NE almost surely. The TCNP proposed in this 
chapter has the same properties with the case in Arslan et al. (2007), so that it also has 
the same convergence ability when the G-RM-FM-I is applied. 
The NE obtained by G-RM-FM-I may be a sub-optimal solution in terms of 
maximizing Ug(a(t)) for TCNP(t), which is a trade-off between the operational 
efficiency and the theoretical optimality. On one hand, even though there are 
negotiation mechanisms such as the Spatial Adaptive Play (SAP) that can lead to an 
optimal or near optimal solution (Chapman et al., 2011), those mechanisms are too 
time consuming to be implemented in the TCNP where status of both the taxi and the 
customer are changed quickly; on the other hand, the convergence tests by the 
simulation experiments in Section 6.4.4.1 show that the proposed TCNP has a good 
convergence performance which results in a better operational performance.    
 
6.3.4 The Check For Stop function CFSi(k) 
At the k
th
 round of the TCNP(t), the taxi agent of each vacant taxi VTi(t)∈VT(t) will 
perform the function CFSi(k) for checking whether to stop the negotiation process or 
not. A system parameter Nmin will be employed, which is the minimum number of 
negotiation rounds for a taxi agent participating the TCNP(t): If k > Nmin and 
( ( , )) ( ( , 1))
i iVT VT
U a t k U a t k    where ε is a small real number, then CFSi(k) will 
return true; otherwise, it will return false.   
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6.4 Simulation Experiments  
 
6.4.1 The simulation model 
The district-level simulation model (descripted in Section 3.3.4.2 of Chapter 3) is 
chosen as the simulation test bed for the proposed dispatching strategy, which is also 
shown in Figure 6.6. In the simulation, the taxi operations (with considering only one 
taxi operator) and customer behaviors (without booking) are modeled by following the 
methodology presented in Section 3.3.1 and 3.3.2 of Chapter 3. 
 
Figure 6.6: The simulation model for the test of the proposed dispatching strategy. 
 
6.4.2 Pseudo code for the simulation of TCNP 
The simulation model will also model the proposed LISS in the simulation. Assume at 
time t when the new round TCNP(t) is to be performed, the pseudo code for the 
simulation process of the TCNP(t) is shown in Table 6.1. 
A taxi stand within 
the study area
A taxi stand outside
the study area
The boundary of
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Table 6.1: The pseudo code of TCNP(t) for simulation 
Input:  Set of vacant taxis VT(t) and set of waiting customers WC(t) 
Output: VT(t) allocated to WC(t) 
1 Phase 1: Initialization 
2 For Each vacant taxi VTi(t)∈VT(t)  
3 VTi(t) constructs CCi(t) which is the set of all waiting customers within VTi(t)’s search range 
4 Loop 
  
5 Phase 2: Taxi-customer negotiation 
6 For k = 1:N, where N is the maximum number of negotiation rounds in TCNP(t) 
7 For Each vacant taxi VTi(t)∈VT(t)  
8 VTi(t) performs SACi(k) which may return a proposed waiting customer WCm(t)∈CCi(t) 
9 If SACi(k) returns nil Then 
10   Continue;  
11 Else 
12 VTi(t) engages WCm(t), i.e., ai(t, k) = WCm(t) 
13 Insert VTi(t) to ETm(t, k) which is the set of vacant taxis engaged WCm(t) at time t, 
round k 
14 End If 
15 Loop 
16 Set Ug(a(t), k) = 0 
17 For Each waiting customer WCj(t)∈WC(t) 
18 
WCj(t) performs CCUj(k) which sends ( ( ), )
jWC
U a t k  and 
' ( ( ), )
WC j
U a t k to all VTn(t)∈
ETj(t, k) 
19 
Set ( ( ), ) ( ( ), ) ( ( ), )
jg g WC
U a t k U a t k U a t k    
20 Loop 
21 If SACi(k) returns true Then 
22 Exit Loop 
23 Else 
24 k = k+1 
25 End If 
26 Loop 
  
27 Phase 3: Finalization 
28 For Each vacant taxi VTi(t)∈VT(t)  
29 VTi(t) changes its direction based on the negotiation results from Phase 2 
30 Loop 
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6.4.3 Input data and parameters 
As shown in Table 6.2 which is the customer OD matrix, the customers generated 
inside the study area is assumed to be 60% more than those generated outside the study 
area. The purpose of doing this is to mimic the peak in customer demand of a specific 
area during a specific period of time, e.g., the Central Business District (CBD) during 
the peak-hour.     
Table 6.2: The customer OD matrix (customers/hr) 
O\D Study Area East  West  North  South  
Study Area  0 160 160 160 160 
East 100 0 100 100 100 
West  100 100 0 100 100 
North  100 100 100 0 100 
South 100 100 100 100 0 
Note: O = Origin sub-areas; D = Destination sub-areas;  
 
A sensitivity analysis is performed by varying the taxi fleet size from 100 to 250 at 
an increment of 50 taxis, in which the performance of LISS is evaluated and compared 
with the strategy without any control (i.e., the Free Search strategy) in terms of OR and 
CWT for each taxi fleet size.  
Other parameters of the simulation are set as follows: In LISS, the TCNP will be 
performed in every 100 seconds; the  and  are set to 0.1 and 0.5 for the 
sub-function SACi(k); the minimum number of negotiation rounds Nmin is set to 100 for 
the sub-function CFSi(k); the search range of the taxi is set to 500m; the MCWT of the 
customer is arbitrarily set to 1 hour which is purposely to test the maximum CWT; and 
the total simulation period is 2 hours with 20 minutes warm-up time.    
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6.4.4 Simulation results 
 
6.4.4.1 The convergence tests 
The convergence tests for the TCNP in the case of taxi fleet size=100 is shown in 
Figure 6.7, Figure 6.8 and Figure 6.9. Figure 6.7 shows that the global utility 
converges in the negotiation round k=40 at t=1200seconds; Figure 6.8 shows that the 
global utility converges in the negotiation round k=20 at t=3600seconds; and Figure 
6.9 shows that the global utility converges in the negotiation round k=33 at 
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Figure 6.8: The convergence test for the TCNP when t = 3600 sec. 
 
 
Figure 6.9: The convergence test for the TCNP when t = 6000 sec. 
 
6.4.4.2 The sensitivity analysis 
The overall performance of the two strategies (Free Search strategy and LISS) in terms 
of OR and CWT for different fleet size are shown in Figure 6.10, Figure 6.11 and 
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Figure 6.10: Average Customer Waiting Time (CWT) at all taxi stands 
 
Figure 6.11: Average Customer Waiting Time (CWT) at taxi stands in the study area 
 


















































For all taxi stands as shown in Figure 6.10, when taxi supply is low (taxi fleet size < 
175), LISS can effectively reduce the CWT up to around 50% (taxi fleet size = 100) 
compared with the Free Search strategy. However, when taxi supply is high (taxi fleet 
size > 175), LISS is no better than the Free Search strategy in terms of reducing the 
CWT. This is because the number of available taxis is much higher in such situation so 
that the customer can quickly find the taxi arriving at the stand (even under the Free 
Search strategy) which makes the LISS less attractive.  
For taxi stands located within the study area as shown in Figure 6.11, when taxi 
supply is low (taxi fleet size < 150), LISS can effectively reduce the CWT up to around 
80% (taxi fleet size = 100) compared with the Free Search strategy. When taxi supply 
is high (taxi fleet size > 150), LISS is still (slightly) better than the Free Search 
strategy in terms of reducing the CWT.  
As shown in Figure 6.12, the OR of taxi under LISS is no lower than that under the 
Free Search strategy when taxi supply is high (taxi fleet size > 150), and the OR of taxi 
under LISS is slightly higher than that under the Free Search strategy when taxi supply 
is low (taxi fleet size < 150). This indicates that LISS will not increase the risk of taxi, 
i.e., the probability of losing the total occupied time.  
In all, the simulation results show that LISS is an effective control strategy to 
reduce the CWT when taxi supply is low, especially for the situation of boom in 
customer demand of a specific area during a specific period of time, e.g., the Central 
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Business District (CBD) during the peak-hour; moreover, LISS will not increase the 
risk of taxi even though it requires no commitment from the customer side.   
 
6.5 Summary 
This chapter proposes a novel control strategy, namely the Limited Information 
Sharing Strategy (LISS) for the Non-Booking Taxi Service. The contributions of the 
chapter includes: 1) the game theory has been adopted to formulate the LISS, in which 
the global utility of the game and the individual utilities of the players (taxi and 
customer) are specifically defined by considering a number of theoretical and practical 
problems; 2) A negotiation mechanism named the Generalized Regret Monitoring with 
Fading Memory and Inertia (G-RM-FM-I) has been adopted in LISS to facilitate the 
searching process for the Nash Equilibrium (NE); 3) The operational performance of 
LISS has been evaluated in this paper by comparing with the strategy without any 
control (i.e., the Free Search strategy). 
The micro-simulation based Taxi Service Model (TSM) proposed in Chapter 3 has 
be adopted as the modeling and evaluation tool for the LISS, of which effects to the 
taxi service performance has be evaluated and compared with the strategy without any 
control scheme. The simulation results show that:  
 The LISS is an effective control strategy when taxi supply is low, especially 
for the situation of boom in customer demand of a specific area during a 
specific period of time, e.g., the Central Business District (CBD) during the 




 LISS will not increase the risk of taxi even though it requires no commitment 












7.1 Conclusions  
To mediate the issues in the current taxi dispatching systems and their related liturature 
(as mentioned in Section 1.3 of Chapter 1), this thesis has provided a timely new 
modeling approach for the taxi service and a comprehensive study on the 
dispatching/control strategies for not only the individual taxi operators but also the 
entire taxi market, which is expected to offer persuasive support to decision makers for 
taxi dispatching/control related policies. 
In Chapter 3, a new micro-simulation based Taxi Service Model (TSM) has been 
proposed, which aims to evaluate the taxi dispatching strategies more proper. The 
contributions of the proposed TSM include: (1) model taxi’s NBTS in addition to 
modeling only BTS in previous micro-simulation based TSMs; (2) model dynamic 
customer behaviors (queuing, waiting, booking, taking taxi for BTS or NBTS) when 
no such detailed modeling has been done in previous TSMs; (3) model the competitive 
taxi market which is also yet modeled in previous TSMs and (4) model the 
market-level dispatching strategies in addition to modeling only operator-level 
dispatching strategies in previous micro-simulation based TSMs. A simulation example 
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has been developed based on Paramics and its APIs, which is to demonstrate that the 
proposed TSM is able to depict the trend of the taxi service performance in different 
customer demand scenarios, and to evaluate and compare dispatching strategies 
properly. The proposed TSM may become a promising decision making tool to provide 
persuasive support for decision makers.  
In Chapter 4, the objective is to solve the problem of booking cancellation in the 
current taxi service. An improved multi-agent based dispatching strategy for the 
Booking Taxi Service (BTS), namely the Multi-Agent based Dispatching Strategy 
considering Booking Cancellations (MA-DS-BC) has been proposed. The contribution 
of this strategy is that it incorporates three important factors affecting the booking 
cancellation problem: (1) the travel time from a taxi to a customer, (2) the current 
waiting time of a customer and (3) the anticipated waiting time for the next arrival taxi 
at the taxi stand. The MA-DS-BC is tested based on the TSM proposed in Chapter 3, 
and compared with the multi-agent based dispatching strategy or MA-DS proposed by 
Seow et al (2010). The simulation results show that the proposed MA-DS-BC can 
effectively reduce the number of booking cancellations compared with MA-DS, which 
might be a potential strategy to attract more customers to book taxis. 
In Chapter 5, an improved dispatching strategy namely the Advance Booking 
Chain Dispatching Strategy (ABC-DS) has been proposed. The contribution of this 
strategy is that it has extended the works of Lee et al. (2004) by concurrently 
considering the effects of the BTS including the Current Booking (CBK) and Advance 
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Booking (ABK), as well as the Non-Booking Taxi Service (NBTS); moreover, another 
dispatching strategy which is similar to the one of the real world, namely the Separate 
Dispatching Strategy (Sep-DS) has also been developed for the comparison purpose. 
The micro-simulation based TSM proposed in Chapter 3 has been adopted as the 
modeling and testing tool for the aforementioned dispatching strategies. A number of 
implications are obtained from the simulation results, which would be useful for 
strategic decision makings: (1) The ABC-DS is more suitable than the Sep-DS for the 
scenarios when the demand of ABK is high (e.g., ABK_R=75%) in which all taxi 
operators are encouraged to employ the ABC-DS rather than the Sep-DS; (2) The 
ABC-DS is no better than the Sep-DS when the demand of ABK is low (e.g., 
ABK_R=25%) in which all taxi operators are encouraged to employ the Sep-DS rather 
than the ABC-DS; (3) For the scenarios when the demand of ABK is in the middle 
range (e.g., ABK_R=50%), the demand scale level is a critical factor for the decision 
makers to consider: the ABC-DS is recommended to the small operators who have 
comparatively low booking demands; the Sep-DS is recommended to the large 
operators who have comparatively high booking demands. 
In Chapter 6, a novel control strategy, namely the Limited Information Sharing 
Strategy (LISS) for the NBTS has been proposed. The contributions of the proposed 
strategy includes: (1) Game theory has been adopted to formulate the LISS, in which 
the global utility of the game and the individual utilities of the players (taxi and 
customer) have been specifically defined by considering a number of theoretical and 
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practical problems; (2) A negotiation mechanism namely the Generalized Regret 
Monitoring with Fading Memory and Inertia (G-RM-FM-I) has been adopted in LISS 
to search for the Nash Equilibrium (NE) and (3) The operational performance of LISS 
has been evaluated by comparing it with the strategy without any control (i.e., the Free 
Search strategy). The micro-simulation based TSM proposed in Chapter 3 has been 
adopted as the modeling and evaluation tool for the LISS, in which the simulation 
results show that: 1) The LISS is an effective control strategy when taxi supply is low, 
especially for the situation of boom in customer demand of a specific area during a 
specific period of time, e.g., the Central Business District (CBD) during the peak-hour; 
2) LISS will not increase the taxi’s risk even though it requires no commitment from 
the customer side.  
 As aforementioned, the simulation experiments conducted in this thesis use 
assumed customer demand data rather than real data due to the limitation of data 
availability. However, it is believed that it doesn’t affect the analysis of the simulation 
results since a bench mark dispatching strategy has been used for the comparison 
purpose, and the relative operational performances of the newly proposed/developed 
dispatching strategies has been evaluated.      
  
7.2 Future Works 
In this thesis, the proposed micro-simulation based TSM has improved existing TSMs 
in several aspects. For example, it has considered NBTS, the dynamic customer 
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behaviors and several properties of the taxi service market; however, due to the 
limitations of the traffic simulator (software) and the data resources, there is still room 
for the proposed TSM to be further improved, including:  
 The Customer Demand Model (CDM), which is one of the sub-models of the 
proposed TSM, could be extended to consider both cases of waiting at the taxi 
stand and hailing on the street;  
 The Taxi-Customer Searching Model (TCSM), which is also one of the 
sub-models of the proposed TSM, could be extended to model the searching 
behaviors of vacant taxis, for example, to answer the question: after dropping 
a customer at a taxi stand/on the street, how the taxi decides on which 
location/area to go? (i.e., the choice of destination for picking up passengers); 
 Both the CDM and TCSM need the validation and calibration using real data 
and applied to a large-scale and real-world system. Since the real data 
(especially the data for CDM) is currently unavailable (e.g., how long a 
customer makes a booking after he/she arrives at a waiting location is 
unknown), a detailed pattern analysis (or data mining) for the existing data 
may need to be conducted.  
A number of new taxi dispatching/control strategies has been proposed and 
developed in this thesis, which are designed for the real-time operations of the taxi 
fleet management. The core (optimization) problems of those strategies along with 
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their limitations are listed in the follows, which are expected to be applied to other 
problems with similar core problems: 
 The core problem in the Multi-Agent based Dispatching Strategy considering 
Booking Cancellations (MA-DS-BC, proposed in Chapter 4) is the multiagent 
based Collaborative Linear Assignment Problem (CLAP) which decides the 
assignment of N targets (e.g., bookings) to N pursuers (e.g., taxis) to maximize 
a global utility function in a decentralized manner. The limitation of this 
strategy is rooted from it decentralized architecture, e.g., the stability of the 
algorithm and synchronization of information between different agents;  
 The core problem in the Advance Booking Chain Dispatching Strategy 
(ABC-DS, proposed in Chapter 5) is the he Dynamic Pickup and Delivery 
Vehicle Routing Problem (DPD-VRP) which decides the scheduling of 
on-demand pickup and delivery jobs for a number of vehicles to minimize the 
total travel cost (time or distance). The limitation of this strategy is that the 
strategy is largely depending on the dispatching center and the power of 
decentralized system is not fully used;  
 The core problem in the Limited Information Sharing Strategy (LISS, 
proposed in Chapter 6) is the decentralized Vehicle-Target Assignment 
Problem (VTAP) which decides the assignment of M targets (e.g., customers) 
to N pursuers (e.g., taxis) to maximize a global utility function. The difference 
between VTAP and CLAP is that: in the former one, the targets are able to 
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make their own decisions and communicate (within a limited range) with the 
pursuers; in the latter one, only the pursuers have such abilities. The limitation 
of this strategy is also rooted from it decentralized architecture, e.g., the 
stability of the algorithm and synchronization of information between 
different agents; moreover, the application of this strategy to a large-scale taxi 
fleet is also a challenging problem.  
In summary, the improvement for the accuracy, operational efficiency, stability and 
reliability of the proposed dispatching/control strategies are also included in the future 
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